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PREFACE 


Although the electrical distribution system has always been 
an essential part of any project for the generation and sale of 
electrical energy, its design was formerly considered as more of 
an art than a science. It is only in comparatively recent years 
that the necessity for careful technical engineering on the dis¬ 
tribution system has been generally recognized. With the 
increasing size and complexity of these systems, the field of the 
distribution engineer is continually widening and his position 
in the power company's orgahization becoming more important. 

Distribution engineering requires a knowledge of the funda¬ 
mentals not only of electrical engineering but also, to some 
extent, of civil engineering and of engineering economics. The 
author has attempted to bring together in this book the essentials 
of these three branches of engineering as they enter into the 
design of distribution systems and to point out the methods of 
their application. Rather than to give a recital of past or 
present practice, it has been the intention to show as far as 
possible the reasons why certain things are done and to indicate 
methods whereby the student may determine the solutions of 
his own problems. The science of electrical distribution is 
developing very rapidly as to practice, but the basic funda^- 
mentals are well ^stabhshed. 

The material here given has been collected during the author^s 
thirteen years' experience in distribution engineering work with 
The Detroit Edison Company. Naturally many of the practices 
of that company are included for purposes of illustration. 
Acknowledgment is also made to the publications of the Over¬ 
head Systems Committee, N-E-L.A-, from which has been 
borrowed a considerable amount of material, especially tables 
and illustrations of generally accepted standards. 

This book is offered with the hope that it will prove of value 
not only to the student, as a text, but also to the experienced 


engineer, as a ready reference. 


HoWABU P. SEElIiYE. 


I>9«riiorr, Mich. 


February t 1930. 
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ELJEOTBIOA^L DISTRIBUTION 
EJSrOINEERINa 


CHLA.PTER I 

THE DISTRIBTTTIOlSr SYSTEM 

One of tlie most important parts of the property of any com¬ 
pany whose function is the generation and sale of electrical 
energy to a diverse group of customers, is its dislrthuiMon system. 
In the usual case, every kilowatt-hour sold must pass through 
some form of a distribution system, more or less complex as 
the case may be, on its way from the generator to the customer. 
That system may vary from a simple single circuit, serving one 
or more customers, to a far-spread network of conductors through 
which the energy generated flows, being subdivided and resub¬ 
divided until it finally reaches a vast number of relatively small 
users. It has even been said that, on the average, 80 per cent of 
the cost of serving a customer with electrical energy lies in the 
cost of distribution. While such a large percentage may not 
hold true in many cases, it still may be emphasized that usually 
the cost of distribution is a major part of the cost of delivered 
energy and likewise the investment represented in the distribu¬ 
tion system is a major part of the investment in the whole 
property. 

Strictly speaking, the distribution system might comprise the 
whole system by which the energy is distributed from the genera^ 
tors to the customers. This would include transmission lines 
and substations ae well as the local distribution system which 
radiates from the points of concentration (substations) to the 
users. • Transmission design and substation design, however, 
are, for the most part, of considerably different character than the 
design of the local distribution, and their features have been well 
covered elsewhere. It is the province of this book to deal 
particularly with engineering design as applied to this local 
distribution and where the distrihv^ion system is hereafter 
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montioncd, it will be underHtWKl to ho apply and not to inalutlc 
transmission or substations unloss thc*y art* specifically inent ioncd. 
Of course, it is somotimes rather difficult to draw an <*xact lines 
between transmission and diHtribution but, in ftmcrnl, it is 
assumed that transmission refers particulailf^ to the handling; of 
wholesale quantities of energy between the ptdnt of generation 
and other central pointe from whence the distribution system 
carries it to the consumerei. It must be recognized, however, 
that on any system, best engineering results a«} not obtained 
unless the <leHign of the various parts is coordinate<!, that is, 

the distribution system can¬ 
not be cficctively planned 
without regard to the plans 
for the transmission auad sub¬ 
station elements. 

The relative importance of 
the distribution system can 
perhaps bo best exemplified 
by the proportion of the total 
investment in the system 
property which it represents. 
This will, of course, vary 
somewhat with the nature of 
the company and the type of 
loads served. Figure 1 shows 
adiagram of the di virion of the 
total investment among various classes ot property for a typical 
case of a company serving a diverslSed load of power, lig^t, 
street railway, etc. It is probable that the figures for other 
eompanies of a similar ehcuracter will not be widely different. 
It will be seen that the investment neoessary for the distribution 
of the energy geneiated (including tramuniarion and substations) 
is nearly fiO per cent of the total investment of the company and 
50 per cent greater than that in generating plants. Of this 
amount, over one-half is in the distribution system, t.e., inimaries, 
seoondarieB, transformers, etc. and tide alone is nearly as great 
as the investment in generating plants. As a concrete examfde, 
if a system had a total property value of $25,000,000, on the 
basis of the divirion shown in the diagram, the generating planta 
would represent about $8,100,000, the whole system for dia- 
tribution about $12,000,000. Of this, tranuniasion would 



Flu. % •—Division of tots! in vostnn^nt in 
systam for cenomtiim nnd dlsttrlbution of 
olsotrlosi ciiiergy. 
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represent $2,300,000, substations $3,200,000, and local distribu¬ 
tion system $6,500,000 

Figures published from time to time on the total value of 
additions being ma^ to generating and transmission and distri¬ 
bution syetems in the Umted States usually show fully as much 
expenditure in the latter two as in the first. For example, for 
a period of 5 years from 1924 to 1928^ the total cost of these 
additions and extensions is divided as follows. 

Percentage 


Generating plants 44 7 

Transmission (including substations) 24 5 

Distribution 30 8 

Transmission and distribution 55 3 


A considerable portion of the cost of delivering energy to the 
customers is mcurred in the proportion of the energy generated 
which is lost in its distribution. This proportion will, of course, 
vary with the type of load, the distance which it is carried, and 
the efl&ciency of the system. In general, the loss will probably 
lie somewhere between 15 and 30 per cent. The same authority^ 
shows for the preceding year a difference of 17.7 per cent between 
the total energy generated and that sold, of which probably not 
over 1 per cent can be attributed to energy used within the 
companies’ own systems. If, for example, a system generates 
300,000,000 fcw.-hr. during the year, from 45,000,000 to 90,000,- 
000 kw.-hr. will be lost in distributing it to the customers. At 
even % cent per kilowatt-hour which is probably a low cost 
for systems with steam generation (including all charges up to 
the point of utilization) this loss would amoimt to $337,500 to 
$675,000 per year, a not insignificant amount. 

These figures are not presented simply to show what is quite 
generally well known, i.e., that a great deal of money is spent and 
a large part of the energy lost in distributing it. It is, rather, 
mtended to bring out the fact that the system of distribution 
as a whole and the local distribution ssrstem in particular, are 
relatively large factors in the total cost of producingsa^d selling 
electrical energy. As such, they warrant as much attention 
and engineering skill as are granted the other parts of the prop¬ 
erty. Energy cannot be distributed without losses and a large 
investment in the distribution system is to be expected but it is 
only the part of good judgment to see that the money is wisely 

^ EleetncaL Wffrld, Jan. 6, 1929. 
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Hpent and that the losHes are not greater nor leat) than iH connuitent 
with economy. 

There jb often a tendency to neglect the dint ri but ion HyHteni 
from the standpoint of engineering. This in p<WHibly due to the 
fact that it i« more widely scattered and hence Iomh evident than 
other parts of the Hystem and that pmcticnl remiitH obtaine<] 
from engineering work on the diHtribution nystein are sometimes 
rather hard to exhibit concretely. A generating station or a 
transmiaaion line are imposing evidences of large investment 
and it is relatively easy to check costs and efficiencies with 
considerable accuracy. The features of their demign can be 
easily discerned and any economies effected can bo readily 
transcribed into dollars. It would be inconceivable to build 
a large generating station without careful engineering throughout. 
The distribution system, however, is more likely to be thought 
of as a maze of wires and poles oeoupying our streets and back 
alleys; a necessary evil but one we would like to forget. It is 
30 widespread, the loads carried are so diverse and so variable, 
and the energy sold is metered at so many different points, that 
any very definite exhibit of results accomplished is extremely 
difficult if not impossible. These factors have sometimes 
(espeoially in the past) caused the engineering on the distribution 
system to be slighted, left to the ao>caIled “praotioal''* man rather 
than the professional engineer. And yet it would seem that these 
very factors would point to the advisability ct oaredul and 
accurate ea^dueering study to reduce as far as possible the wastes 
due to unoertainties and “loose ends.** 

One rather important feature should be pefinted out in this 
regard. The distribution gystem is the last link between the 
oompany and the customer. It is the one he sees every day on 
bds street or in bis baokywrd. It is also just as likely (tf not more 
bo) to be reepomdble tvs the “goodness" or “badness" of his 
service aa any other part of the system. From the standpoint 
af public relatlcms alone, a well'deaigned, up-toniate, effiedent 
disbributkm system Is an invslusble asset. 

There are three general types of en^sdiMering des i gn which are' 
applicable to problems In connection with cUstribution iorstMus. 
These may be designated for oonvenhoiae as: 

1. ESeetrieal design. 

2. Meohanioal deefgsu. 

3. Economical design. 
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AH problems encountered cannot, of course, be characterized 
as specifically belonging to one or another of these classes, since 
probably more often than not a study from all three viewpoints 
is advisable. The considerations involved are quite likely to be 
more or less interrelated and the best engineering solution is 
only reached by taking account of all three in proper proportion, 
with due regard to the effect of each on the other. For example, 
a design may be good electrically and yet some other design may 
be just as good and be also much more economical. Economy 
in construction must be tempered by considerations of strength, 
safety, and minimum maintenance. The solution of any such 
problem will come nearest perfection as each of these forms of 
design is more soimdly analyzed in connection with it, and the 
combination of the three more intelligently applied. 

jElectdcal design deals chiefly with those features of a syntem, 
type of construction, or piece of apparatus which might affect 
its satisfactory operation. Viewed from the standpoint of 
electrical design only, anything which will accomplish successfully 
the results desired is acceptable. A distribution system which 
will transmit the necessary energy to the customer with the 
requisite provision for good service is a proper one, regardless of 
its cost, if electrieal design only is considered. It is evident, 
however, that the considerations of cost usually do enter the 
problem in some form and to some extent. That is, an applica¬ 
tion of economical design^ even if only casual, is usually 
essential. 

Mechanical design involves the study of structures and 
apparatus. It includes the selection of proper materials and 
their combination into structures and these into systems in such 
a manner as to fulfill the requirements of eLectrical design and also 
give due consideration to matters of strength, safety, appearance, 
length of life, maintenance and other related factors. 

Economical design is the investigation of relative costs. Where 
there is a possible choice of more than one design which would 
be satisfactory from the standpoint of electrical design and 
rnechaniccd design, the final decision should be based on a careful 
stm^ of relative economy. It should be clearly understood that 
thw does not mean that fibrst cost should be the deciding factor. 
Economy must involve the elements of low operating costs and 
yearly carrying charges, which are usually more important than 
first cost. Also, it should be emphasized that economy is not to 
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1 x 5 urRctl at th« cxpt'nsfi of good HOrvicc. Tin* ({Uaiity of twrvu't* 
required is a factor in electrical deHifcn and Ihia laiiHt, of einirw*. 
lx* Hutiafied before economy may be ctniaideretl. Jt jk HeUIoiri, 
however, that any problem may lx* Hf>lve<i without xotne n'l^tird 
Ui the question of cost, whether it lx* merely the rompurimtn «jf 
<tuoted pri<X‘H or an involved Httaiy of annual eliarie<*M over a 
period of years. 

The thnse types of design, electrical, merhanirnl and cromtmirtii, 
will be treated separately in this book, n section lx>ing ilevoted 
to each. Their interrelation is recognisetl and is pointed out 
from time to time, but the fundamental principles of each and 
their application to specific cases can be better shown by keeping 
them separate. 

The subject of elcctricnil distribution might be treated in 
several dificrent ways. A great deal could be written on the 
historical development of the art and present practices. A book 
for the construction man or field man would be uimful, giving to a 
large extent practical details of line construction and layout. 
In this work, however, the subject is approached rather from the 
viewpoint of the student or the design engineer. Present prao> 
tioes and construction details are, of course, included to a con** 
siderable degree, but the chief object has been to present as far 
as possible the underlying theory of the several types of desijpi. 
Comparatively little has been included regarding the detaUs of 
various mak«i or designs of different types of apparatus exoept 
where such details are of especial importance in conneotion adth 
the design or operation of the distribution system as such. It 
is felt that if the basie theory is understood, the engineer has the 
most useful tool to apply in the solution of the various problems, 
new and old, which continu^y arise. 

There, are, of course, many major problems oonoeming 
distribution gystems for which a generally aooeptod “ best solu¬ 
tion” has not yet been reached. In such coumss, it has been 
attempted to give as far as poeribte an impartial discussion of 
the factors affecting all rides ofcthe question and the advuitages 
and disadvantages of various proposed solutions without unduly 
stranAng any one. 

The general subject of engineering desiffti of ttriTditribution 
system is so laii;e and the factors involved are so variable that it is 
obviously impossible to cover everything fully and in detail. 
It is hoped that the diseuarions and information given are such 
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as to be of the greatest use to the largest number. Overhead 
systems have been stressed somewhat at the expense of under¬ 
ground with the belief that by far the greater part of the distribu¬ 
tion systems are overhead. Underground has been included to 
some extent, however, where essential to a complete picture of the 
subject. 

Before proceeding to a detailed consideration of the details of 
design, it might be well to bring out one important factor which 
affects a large part of the problems encountered on the distribution 
system. That is the extreme variability of so many of the 
elements involved. Load (in general), load increase, location of 
loads (general), service requirements, mechanical loading (wind, 
ice, etc.), hnancial conditions, etc. are all quantities of con¬ 
siderably indefinite nature. It sometimes apjiears almost useless 
to attempt to reach a definite solution with the assumed condi¬ 
tions so prone to fluctuation. It should be remembered, however, 
that most of stich variables are subject to reduction to averages 
of a more or less definite nature, and that results based on 
averages, if correctly reached and correctly used, cannot fail to 
have beneficial application. Even where such averages are 
undependable, the knowledge gained from an intensive study of 
the surrounding conditions and basic theory, place the engineer 
in a position to apply intelligently his good judgment to reach 
a solution which has all the chances of probability in its favor of 
being far more nearly correct than a mere guess. In a great 
deal of this work it is impracticable to make a complete study of 
each individual case of detail design. A study of averages, 
however, will lead to the establishment of certain standards 
which can be applied (with a little common sense) to individual 
problems of that class. 
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CHAPTER ir 


OBHERAl. CONSIIDERATIONS 

A knowledge of the electrical characteristics of distribution 
systems and the fundamental electrical theory underlying their 
study is, perhaps, the most essential requirement for one who 
would design such systems. The electrical features of load 
characteristics, voltage, voltage regulation, system arrangement, 
etc. are the hrst things to determine in laying out a new system, 
in revamping an old one, or in satisfactorily operating either. 
One of the chief features of problems of this kind is the variability 
of many of the factors involved. Loads, with few exceptions, 
fluctuate in amount from hour to hour during the day and from day 
to day during the year. Increase in load, while following certain 
general tendencies, is extremely diflflcult to forecast for small 
groups or limited localities. Service requirements in the way of 
continuity of service and voltage regulation are matters which, 
as a rule, are not clearly deflined in any particular case. They 
depend not only on the actual needs of the customers served but 
also on the quality which they have been taught to expect and on 
considerations of public relations, company policy, etc. Quality 
of service is usually limited to some extent by economic conditions, 
the cost being more or less in proportion to the quality, whereas 
the return is not likely to be so influenced. All these factors 
and others of similarly variable nature enter into the problems of 
design on the distribution system. They call for the careful 
study of all the affecting conditions and the application of a 
considerable amount of good judgment on the part of the engineer 
as well as a knowledge of the techrucal details involved. It is 
very largely the acquirement of this element of good judgment, 
as applied to such problems, by study and experience, that makes 
the distinction between the novice and the trained distribution 
engineer. It should be emphasized however that, with the 
increasing size and density of systems and the complexity of the 
problems involved, a foundation of technical knowledge is also an 
essential in this work. 
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It ha« been asBuinec! in the following cliHinaBBion that tlu* rcnuior 
has a f?eueral knowled#?^ of the funchtnientals of electricity. 
In Chap. XIV, as a ready reference, ur<* jH;iveri briefiy Home of nneh 
fundamentals, ^ajeneral characteristicH of eh*etrk?iti cireuitH, 
c‘tc. which are particularly necc^HHury uiul upplieahh* to thin 
work. 

This section of the book (Part I) will with the d<*Hi|ucn 

of the distribution system as a of electrical eircMiits, ji^iv- 

ing;;, as far as possible, data and methodH by which th<* ordinary 
problems arisinf? in connection with such circuits may attacketi 
and solved. It will take up the various typc*s of loads usually 
encountered and fdve the characteristics of c^ach as they effect 
the distribution system necessiiry to carry them. It will diHcuHs 
the various types of distribution systems in common use, iK>th as 
to layout and as to voltaic^^, phases, etc., living: advantages and 
disadvantages in the use of each. Finally, consideration will be 
given to some of the details of the design of individual circuits 
which affect their satisfactory operation, such as voltage drop, 
regulation, fusing, etc. Many of the electrical problems of 
de^gn are so interrelated with considerations of mechanical 
and economica! design that it Is difficult to consider them 
separately but in such cases reference will be made to Part II on 
Mechanical Design^* or Part III, on **Bconomical Eksstgn** 
where those features of the problem will l>e discussed more 
fully. 



CHAPTER III 


I.€>Ai:>S AHI> THEIR CHARACTERISTICS—^I. OEHERAJL 

CHARACTERISTICS 

Before a distribution system or any part of it can be intelli¬ 
gently designed to carry a given load, it is essential tliat the 
characteristics of that load be known in so far as it is possible to 
determine or estimate them. A study of loads and their charac¬ 
teristics involves not only the different types of apparatus used 
and the grouping of such apparatus to form the load of an individ¬ 
ual customer, but also the grouping of customers into typical 
composite loads, and the combining of such loads into still larger 
diversified groups. For example, the electric range should be 
studied, as a piece of apparatus which is quite commonly used. 
Its characteristics as an individual load should be understood. 
Further, its effect on the total load of the customer using it as 
part of his electrical equipment must be considered- Theni 
residence load as a class must be studied, that is, the load imposed 
on a distribution circuit or part of one by a district distinctly 
residential in character and including a fair percentage of cus¬ 
tomers using electric ranges. Finally, attention must be given 
to composite loads drawn by larger areas, consisting of certain 
proportions of power load as well as residence load, perhaps, 
or of other characteristically different types. Such a load would 
be represented by the total load on a substation carrying both 
residence and power loads, street lighting, street xailw'ay, etc. 
Such groupings would also include total system loads, z.c., loads 
on the generating plants. However, since this work is intended 
to apply more specifically to the distribution system in its 
restricted sense, it is not so particularly concerned with these 
larger groups of generating station and substation loads as with 
the individual cxistomers and typical classes of loads. 

Before proceeding with the study of particular types of loads, it 
is essential that an xmderstanding be had of what are the impor¬ 
tant characteristics of a load and how, in general, they affect the 
design of the system. This chapter will deal with the chief 

la 
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charucteriHticH of loadH with which wc arc concrmotl, flcfininK 
and describinfs them in some detail. 

Demand.—The size of any load, or its demand, is (h<‘ lunxiitiiun 
load, expressed in kilowatts (kw.) at u certain p»»wer factor, or 
in kilovolt-amperes (kv-a.), which is drawn from the sotirce of 
supply at the reoeivinf? terniinalH, averaged over a suitable and 
specified interval of time. 

The determination of the demand of any load or group of loads 
is of the highest importance since it is the demand which gtjvems 
the size of conductora, transformers, etc. The interval of time 
chosen for measuring demand may be very small, such as 1 sec. 
or 1 min., for example (or even instantaneous peak), or it may be 
much larger, such as 10 or lH min. or more. The choice of the 



proper interval will depend largely on how the demand figut^ 
are to be used or the part of the distribution system which la 
under consideration. For example, the starting current of an 
induction motor inflicts a sharp peak on the load curve. This 
peak is lilmly to be quite high in oomparieon with the 8t««dy 
running load, but is of but a few moments duration. If the 
motor comprises the major part of the load of the service on which 
it occurs and also on the transformer serving it, however, this 
starting current demand must be conridered in detennining the 
size of the transformer and of the servioe wiring. Otherwtoe this 
current wfll be likely to cause an exeesrive voltage dip and hmtoe 
flicker in illumination from lamps connected on the same service. 
If, however, the motor is only one of a laige number rimilar 
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motors on the service, or its load is only a small percentage of the 
total load on the transformer, secondaries, or service wiring, the 
peak due to its starting current is of relatively less importance 
and IS easily absorbed m the relatively large capacity of the 
transformer and wirihg without causing an imdue amount of 
voltage dip. In the latter case, a longer interval of time for 
determining demand is justified. The sharp peaks may then be 
ne^ected and only the current which would affect general voltage 
regulation or heating of transformer coils need be considered. 
A 10- or 16-min. interval is quite commonly used for such pur¬ 
poses and if heating of transformer coils only is the criterion, 
even a much longer interval may be satisfactory (refer to Chap. 
IX, Transformers). 

Figure 2 shows an example of load ctyve illustrating the demand 
for several time intervals. 

Demand Factor.—The distinction between demand and 
connected load on any service should be noted. Connected load 
IS the total of the rated capacities of all electrical appliances, 
lamps, motors, etc. which are coxmected to the wiring of that 
service. The actual demand in nearly all cases is considerably 
less than the connected load due to the fact that different pieces 
of apparatus are used at different times, or, if used at the same; 
time, their peak loads may not be simultaneous, or in either case 
all imits may not be loaded to fuU capacity even at their peak 
load. The exception to this 'is on loads where all utilization 
apparatus is of the same general type and is used at the same time 
and to fuH capacity—street lighting, for example. 

The ratio of maximum power demand to total connected load is 
called the demand factor.’^ For example, ten 6-hp. motors 
on one service may have an actual total demand of only 25 hp. 
instead of 60 hp. In this case, the demand factor *= = M 

or 60 per cent. ^ 

As another example, assume a customer has a connected load 
of 


100 40 watt lamps. 

Small motors, total connected 
Heating apparatus, total . .. 

Total connected. 

Maximum demand. 

Demand factor *9^* =■. 


Kilowatts 
... 4 0 

26.0 
... 10.0 
. . 39.0 
... 20 0 

0 513 or 51 3 per cent 
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Demand factor i« usually applied to the ciemnnti of nn individ¬ 
ual customer but is sometimoH useri in connection with the load 
of a group. In such a case, however, it should not Ikj confused 
with diversity ftictor. 

The fact that a demand factor exists and is in many cases 
comparatively Brnall is Hornetlmca overlooketl in detemuning the 
necessary equipment to serve a cuBtt>mer, Its recognititm and 
use, even if only very roughly approximuted, will sontetiines lead 
to very marked economy and is always worth while. 

Diver^ty Factor.—The diveraity factor is the mtio of the sum 
of maximum power demands of the component parts of any load 



Tima 


to the maximum demand of the load as a whole meamtred at the 
point cd supply. 

For exami^, a trani^ormer may serve five ouatomera, eadi 
with a maximum demand of 30 kv-a. Due to the fact that the 
miMd*"n*** d**ma ** d* of all <d the five dk> not ooine at the sumo 
time, the actual demand on the transformer may be only 75 
kv-a. instead of 150 kv-a. In this oaae, the diversity factor 
M •> 2. (It idmuld be noted that denumdfattor is defined 

in such a way ^bat it is always leas than 1, dUmv/Uy foBUtr In such a 
way that it is always greater than 1, that is, tibe form td one is 
ithe reciprocal of that of the other.) 

Such diver^ty la found between oustomem, between trane* 
formers, between feeders, between substatimis, etc. It ean be 
used to marked advmitage in reducing the required oapaoity of 
such parts of the system from that which would be neoeasaiy if 
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design were based on connected load or on the sum of component 
load demands only. 

Figure 3 illustrates diversity factor. It will be noted that 
diversity factor is somewhat similar to demand factor except that 
the former deals with actual loads or demands and arises from the 
diversity in time of occurrence of loads or their maximums 
whereas the latter includes the effect of partially loaded or unused 
apparatus as well as diversity in use. 

Load Factor.—Load factor is the ratio of the average power 
for a certain stipulated period of time, such as a day, a month, 
or a year, to the maximum power or demand for a short interval 



of time (see above definition of demand) during the same period. 
In referring to the load Sactor in any particular case, both the 
interval of time for the maximum load or demand and also the 
period for which the average power is taken should be specified. 
For example “half-hour-monthly” or “15-min.-daily” load 
factors ace spoken of. Expressed mathematically. 


where 


load factor — 




w OS the load at any instant. 

W =* the maximum load. 
t => the period of time chosen. 




IS ELECTRICAL DISTHIHmOX EXfliSEERIXfi 

Figure 4 illustrates ioiui factor for an arhif nirily aHKuniefi lojid 
curve. 

In dealing with problem* concerning the (iiHtriinition Hystein, 
load factor is, of itself, usually not a« important as the whole 



U>ad curve from which it is derived, t’.e., the curve shovnng the 
fluctuations of the load from hour to hour or from day to day 
throughout the period under coniddcration. Such a load curve 
is illustrated in Fig. 4, which is just an arbitnurily assumed 
example and does not refer to any particular kind of load, also in 



Kta. O.—Typienl ditily dowtitowit fH»tnti»prt>iiit Iftttd. 


Figs. 5, 6, 7, 8, 9, and 10 for typical classes of loads. Lead/actor 
Ui an index of the efficienoy with which the system or portion of 
the system under oonsideration is utilised, 100 per cent ItMui 
factor or 24 hr. per day operation at peak load being the maximum 
possible. The actual peak load or maximum demand, however. 
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Pio 7 —Typical daily power load Csystem) 




pA. 9.—Typical daily total system load. 
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and tho nslativ** uinounlH of Itwd at other tiineH throiiKhotif I ho 
day or your whprel>y enerjo' hiHHOM may la* <l«*t<*riiiine«l, an* factum 
which it iH neccHHiiry to know for an intelligent atutiy of any 
apecific problem. 



Jan. r<tb Man Apr. May June July Aug. Sept. Ocl Nov Dec Jan. 
Fki. Typi<»iit yvtirly «<*inftriU dintrilmtion loitfl. 


Lom Factor.—^L cmhi factor is a term not no fccnemlly acoopted 
as a standard as some of the others diaettaaed here, but it denotes 
a ohameteristio of any load which it is CMsentiai to understand in 
working with energy loeaee and ooet of auch loeaes. 

It may be de0ned as the ratio of average power loas for a 
certain stipulated period of time, such as a day, a month, or a 
year, to the maximum loee or loas at peak load (for a short 
intcarval of time) during the smne period. The interval of time 
oorresponding to the peak load amd the period over which the 
average lose is taken should be speoifled, for examine “half^iour- 
mcmthly" Iom factm*. 

It will be noted that loss factor is very Mbnilar In definition to 
load factmr. In faot, the two ooneepond quite eloeely and, for 
certain tsrpes of load eurras, have the same value. Few this 
rmaon load factor is often wrongly used in plaoe of loss factor in 
(tealhcic with power loeaes. Hie distinction between the two lies 
in the fact that load factor pertains to loads (maximum and 
average) whUe loas factor pertains to lom» which are importlonal, 
to the square of the eoriesponding loads. 



Loss factor 
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where 

i *= current at any time. 

J — the peak current. 
i = the period of time chosen, 
r = the resistance of the circuit. 

Figure 11 illustrates the relation between loads and losses and 
between load factor and loss factor for a simple arbitrarily 
assumed load curve. 

Loss factor is used in determining total power losses for a given 
period for a load whose peak value and loss factor are known. 

Total losses = JV X 24 X loss factor, for a given day. 



For example, assume a load of 100 amp., a resistance of 1 ohm, 
a loss factor of 20 per cent. 

Total losses — 100 X 100 ^X 1 X 24 X 0.20 = 48,000 watt-hr. 
or 48 kw.-hr. per day. 

Loss factor may have any value between the extreme limits of 
being equal to load factor and to (load factor)*. This may be 
demonstrated as follows: 

1. An extreme case would be a load for which the peak is 
sustained throughout the whole period during which there is 
any load. At all other times the load is 0. This condition is 
found with such loads as street-lighting circuits and motors 
driving constant loads, and is approached by the characteristic 
power load on a large system. Figure 12 illustrates such a load. 
£n this case, 

Load factor — ^2— 

24 X TT 24 
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vfhori' 

ft = tin* nun»b<‘r of hount for which the !«a»l ih on. 
ir =s the loufJ in watfH. 



Tim# 

Fi4t. 12. I^M fairtoc—•iMtMincHl iwak. 


2. The other extreme is ii load with a peak of very ahort 
duration, the load curve being flat for the remainder of the day. 
This condition is approached by eharacteriatic resideneo-lighting 
load. Figure 13 illustrates such a load: In this case, 

Load factor -• 


(/, in this case, « 24 hr.). 



Tims 

Flo. 13 .— ham faotop—short pook. 

where • 

uf » the average or continuous load. 

W ■■ the short-time peak. 

i*r X* 

Lose factor /rf* 

where 

i "" current oontMqpKmdlng to w. 

I ■■ current oorreepondiiv to IF. 
to i 
IF " /' 

Loes factor •" (load factor)*. 

These are the limiting cases sinoe no more effident distribution 
of load for a fd^en peak and given total energy ean be made than 
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in the second case and no less efficient than in the first case. 
The general rule may therefore be stated that the value of loss 
SaxAor always lies somewhere between that of load fadbor and 
(Jbadfac^)^. For most practical cases of actual loads, the value' 
is usually not close to either limit but rather at some intermediate 
value, being nearer load factor for power loads where the peak is 
fairly flat, and nearer (load factor)* for lighting loads where the 
peak is sharp and of short duration. This rule is useful in 
approximating the value of loss factor when the t 3 rpe of load is 
known but an accurate determination of loss factor is not 
practicable. For example, a characteristic lighting load with a 
load factor of 20 per cent would have a loss factor between 4 
and 20 per cent and nearer 4 per cent. Probably its actual 
value would be in the neighborhood of 7 or 8 per cent, depend¬ 
ing, of course, on the shape of the load curve. 

A useful corollary to loss factor is a quantity which maybe called 
“equivalent hours.” It jis defined as the average number of 
hours per day which the peak load would have to continue to 
give the same total energy loss as that given by the variable load 
(throughout the year, month, or week as the case may be). 

Equivalent hours = loss factor X 24. 

A further discussion of losses and loss factor will be found in 
Chap. XI. 

Power Factor.—^Power factor is the ratio of power (in watts 
or kilowatts) to the product of the voltage and the current 
(in volt-amperes or kilovolt-amperes). It is sometimes defined 
as the ratio of real power to apparent power. For currents and 
voltages of sine-wave characteristics, the power factor is equal 
to the cosine of the an^e representing their difference in phase. 


where 


Power factor = cos d 


iwattff'. 


E = effective voltage. 
I = effective current. 


Figure 14 illustrates the relation between current and voltage 
out of phase with each other, instantaneous power, and vector 
representation of these quantities. 

When loads are designated in hilowctUs it is essential to know 
the power factor also, ^ce capacities of transformers, etc, which 
depend on allowable heating of coils, are rated in kilovolt-amperes. 
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Also, line* loRWH art* pr«>iH>rtional to tin* xtiuart* of llit* tiiirnait, 
anti voltaRtJ drop to th«? current (itpproxiniatoly;. 'i’lu' value* 
of hiRh power factor, which ^ivea a mitiimuin current for a Riven 
amount of actual uaeful ptjwer, ia eapecinlly evitlenl on the tliatri- 
hution ayatem, the tleaign of which ia ao larRciy dependent on 
current capacity. For the aame current nn«l the annie volt axe, 
the power deliver<*d ia directly proportional to the power factor. 



BalaaciV.—When polyphase oirouita are employed, the loads 
on the various {diasM are likely to be unequal. If single-phase 
loads are carried, it is ordinaiily very diffioult to obtain and 
maintain a perfect division cdf loads among the phases. 
Unbalanoed or unequal currents produce unequal voltage 
drops in lines, transformers, etc., thereby ooossioning unbslsnaed • 
voltages at the loads. Unlndanee in voltage tends to sfipnavate ^ 
the condition by produoiBg unbalaaoe euirents in polyphase 
motors eonneoted. 

The expKMsdon of unbalance by a rimple peroentage <Mr balanoB 
iaetoTt while desirabie, is difficult to aeoom|dlBh in sueh a way as ' 
to completely describe the eondirion. Unbalance in veritage * 
is sometimes expreaeed as the maatmum divergenoe of any phase ' 
frenn the voltage of all the idiaae voltages, ex pr e s s ed in perosntage 
of the average phase voltage. For mcam{^, a three-il>haae system 
wtHi 112, 110, and 117 volts aeross the three ph a ses would bs« 

said to have an unbalasoe of — -» 2.86 pwr cent. 

This method does not indicate phase rriations but muimr oertafa i 
oohditlons it serves as a ooavenlent meamne of unb ala nc e. As ^ 
a rule, in diabribution problems we am mors interested in aetafl 
eurrents said vtdtsgee than ia a composite ex pr es sion of un ba l anee. ] 
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On three-wire, single-phase, or direct-current circuits, unbalance 
also frequently occurs between the loads on the two sides of the 
circuit, leading to unbalanced voltages. 

Load Distribution and Load Density.—^An individual cus¬ 
tomer’s load, as it commonly occurs on a distribution system, 
may be considered as a concentrated load in relation to that system. 
That IS, it is connected to the system at one point and up to that 
point—^the service connection—it acts as a unified load no matter 
how it may be subdivided within the service. A group of 
individual loads, such as a block of residences, may produce a 
composite load scattered along a hne which for the purpose of 


Y X. A X X X 


Pole, Line wi+h Services 








Aefua/ load chsfnbufion 


'"Assumed uniform d/sfr/bu^ion 


Summation of Load From A To 8 

Fiq. 15 —Distributed loading. 


design may be conveniently considered as a more or less uniformly 
diMribvied load. The services may be connected in groups, a few 
at each pole, for example, but if they are of nearly the same sisse 
and type, it is usually easier to treat the whole load as if uniformly 
distributed along the line (see Fig. 15). In most cases the error 
introduced is negligible, although there axe certain problems in 
which it is preferable to deal with each point of cormection as 
a point of concentrated loading. Distributed loading may be 
applied to load connected along a secondary main, to trans¬ 
former loads connected along a primary main in some cases, and 
also to total loads distributed over larger areas such as the area 
served by a substation. 

Most problems involving uniformly distributed loading, are 
simplified by converting them into their equivalent in concentrated 
loading. Power loss over a line on which the load is unifcwmly 
distributed from the source to the end of the line is equivalent 
to the loss which would be occasioned by the total load con- 
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centrated at a point onc-thircl tho ciiHtanct*. Voitago drop to tin* 
oxtremo end of such a line is e<iuivaient to that which would lx* 
occasioned by the total load concentrated at one-hulf the distance. 
These points will be discussed further in C'haps. X and XI. 

In practice, loads of a different type and size will sometimes 
l>e superimposed on a group which otherwise can lx* considered 
as a uniformly distributed load. These may bc> df‘ali with as 
individual concentrated loads added to the uniformly distributed 
load of the lino. Such a case, for example, would lx* a large 
apartment house in a district otherwise built up with small and 
medium*8ized single residences. 

When speaking of distributed loads, the term **]oa<l density” is 
commonly used to describe their magnitude. The terminology 
of load density has been defined by the National Klectric Light 
Association as follows 

“Load density shall be given in terms of kilovolt-amperes per 
1,000 ft. or in terms of kilovolt-amperes per square mile. ” 

The former designation is useful when considering small units 
of the system such as the load on a secondary main along a street 
or altey. The latter form is more applieable to larger subdivisions 
of the eastern, such as the load in a given area, on a substation, 
or on the system as a whole. 

Load Growth.—One of the most important questions to be 
considered in plaiming a distribution ssrstem is the probabte 
future growth of the loads. It is the rare ease where a gystero ean 
be designed on the bariis of present loads only. As a rule, 
some growth at least is expected. This must be provided for 
eiteier by spare capacity in the present design, or by provisions 
for possible future additions, or alterations, or both. 

Load growth, in general, is attributable to several faeton. 
New territory may be added, new oustomers taken on in crid terri¬ 
tory, and the load of old oustomers will Inoraase. These factors 
are variously applicable to different parts of the system and In 
different degrees so that the assumption of any general estimate 
of load growth to fit all cases is impracticable. It has been the 
texperience of the industry, as a whole, that the load has increased 
Wm 10 per cent to 16 per cent per year for quite a long period. 
This rate of growth mmnot be aseuzed for any length of Ume to 
come neither is it applieable to smy particular locality. Load 

> EleotriesI Appsrstus Committee R0poH, N.E.L.A., Awtsal Pttu mt U nga, 
1928. 



IX)ADS AND THEIR CHARACTERISTICS 


27 


growth is affected by local conditions to a large degree—general 
business conditions from year to year, status of the power company 
in its relations with the public, local habits, activity of the sales 
force, etc. The growths on various parts of a system will, in general, 
also be quite different from each other and from that of the system 
as a whole. It may be said that only a careful and continuous 
study of the various factors affecting load growth on all parts of 
the system under consideration will give the designer a proper 
basis on which to estimate probable future growth and, even so, 
the problem is a difficult one and impossible of solution with 
any great degree of accuracy 
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Fio. 16.—^Lroad prediction. 


Certain records of past performances kept from year to year 
and month to month, wiU be of considerable assistance in formulat¬ 
ing predictions for the future. Some of these are: 

Total ayntem load. 

Total loads of various types—flighting, power, etc. 

Hoads on substations. 

Loads on individual distnbution circuits. 

Yearly tests on distribution transformers. 

Number of men employed m industries connected to the system. 

Volume of new buildings proposed. 

With such records as these available, a reasonable estimate can 
usually be formulated which may be too high one year and too 
low another, but at least is more likely to be right than a meie 
guess. 

Figure 16 indicates how a past year's curve may be used tOf aid 
in projecting the current year’s curve to the peak period. 

Just how far future load shovild be anticipated in installing 
present capacity is largely an economic question. It involves 
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a conwdoration of the cost of carrying thc‘<*xcc«H capacity until 
jiit is needed veraus the coat of replacing amalicr unita with larger 
iwhcn it becomes necesHary. The uhc of a limitctl nuinlier of 
standard sizes of various materials ami equipment is also involved 
so that the most economical condition thci>ref icully can only is* 
approximated at best. No p^neral rules can lx* ]ai<i down. 
With slow-growing load it is generally unwise to pr<»vi<!e a large 
percentage of excess capacity since the exact nature or size t)f 
the load at any particular time in the distant future is usually 
very uncertain. Four or five yearn at most may be a long 
enough period to anticipate. With rapidly gnming loads, on the 
other hand, care must be taken not to be too conservative or 
replacement costs at frequent intervals may far exceed the 
extra cost of additional capacity for a short time. In such cases, 
the rate of growth is more likely to be uncertain, also the percent- 
age of spare capacity to provide for a long period will Ite much 
greater, hence a shorter period than that advisable for slower 
growing loads will usually be economical, 2 or 3 years possibly 
instead of 4 or 5. A thorough understanding of relative costs 
will be of great advantage in such studies. 

Voltage Requirmnents.-—Voltages for low-voltage utilisation 
apparatus have been quite well standardised in this country at 
volts (with allowable departures of volts and 

’^^ 9^40 volts) for lamps, applianoes. and other singlc»-pba8e 
apparatus, and 220 and 440 volts for polyphase motors. The 
greater part of the load on a general distribution eystem will 
usually be of this class. For any such system, definite standhurds 
of service voltage, the fewer the better, are sssentiaL For 
exunple, xnay ^ es t a b lis h ed as the gystnu standard 

for single-phase, with 230 for polyphase power and it be required 
that all iow-voltige utltisation apparatus eonneeted be atfie to 
operate satiurfaotorily at these voltages. 

Higher voltage apparatus, such as 2,200- or 4,400-volt motors, 
is used to some extent but is usually not numerous in systems 
of general dUstributlon, having its speokU fields in paatiottlariy 
large induatrtes. Such large eustomem are iwusUy served at 
primary vcfitagss, being reeponsibis for tlufir own seotmdary 
dfstribtttion arui utilisation voltage standards. 

Alktwable vsriatiima In voitege for any type of serviee is smne- 
timee fixed by regulations of the state or other authority but 
in any case is limited i»aotioally the nmge throuili^ whieh 
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the connected apparatus can operate satisfactorily 'and the 
fluctuations in illumination which can be endured: €k>od 
voltage maintained at the service is a most effective stimulant 
of public goodwill toward the utility. ^Economically, the effect 
of low or high voltage on revenue must also be considered as, for 
some loads, low voltage means a distinct loss in revenue. 

The general subject of system voltages is discussed in more 
detail in Chap. X. 

Continuity of Service.—^For certain loads, absolute reliability 
of service is practically essential—even a short interruption is 
very disturbing and may lead to serious consequences. Such 
loads are hospitals, theaters, large department stores, large 
hotels, etc. For some other types of loads a high degree of 
reliability is very desirable though perhaps not qxiite so essential 
from the pomt of view of safety for the public. Examples of 
this are apartment buildings (some of these come in the previous 
class), and certain types of manufacturing load such as paper 
mills, where a shutdown of any appreciable duration may mean 
a large waste of material in process of manufacture. To the 
average residential or commercial customer, however, a short 
interruption or even an occasional fairly long one is more of 
the nature of an inconvemence than a serious hazard. His 
attitude in the matter is likely to depend somewhat on the relia¬ 
bility of service to which he has been accustomed. Rural 
customers and small outlsdng commumties fed by long over¬ 
head lines are usually subject to a considerable number of outages 
and the requirements of the service are ordinarily such that no 
serious inconvenience results. 

From the power compan 3 r^s point of view, interruptions of any 
kind at any time are undesirable. They produce loss of revenue 
and a certain amount of dissatisfaction among its customers as 
well as necessitating extra expenditures for the patrolling, repairs, 
replacement of equipment, etc. which is usually involved. It is 
entirely possible to give any customer essentially 100 per cent 
reliability if such is considered necessary. The expenditure 
•necessary to provide such reliability, however, may be out of all 
proportion to the need for such service. As a nfle, provisions 
for a high degree of continuity of service involve additional costs 
above those required to install the ordinary radial feed, the 
amount depending on the size and other characteristics of the 
load and its location relative to the sources of supply and other 
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loiulH. The foRHihility of K«pplyin« «ueli nerviee ciependK on 
the wlation Ixitwec'n the atidifiona! <>xpen<lilure anti the tieinund 
or noct‘8Hity for Huch service.. For example, in a densely loadtHi 
tiowntown area, reliability approachinK lOO percent is a rf>c|iiisite 
and is comparatively easy to t'Sfablisii at a ri*nsonai*le et*st in view 
of the monetary return from siieh loading. In a rural tiistriet it is 
not essential, would l>e diflieult to provitle, and the etwf would 
be relatively exet'ssivt*. 



CHAPTER IV 


LOADS AND THEIR CHARACTERISTICS—^II. TYPES 
AHD CLASSES OF LOADS 

In the previous chapter, the more important characteristics 
to be considered in connection with the loads on a distribution 
system were defined and discussed in a general way. Individual 
types and classes of loads generally encountered on such a system 
will now be taken up and the particular characteristics of each 
described. The greater majority of loads on a system of 
general distribution are composite, that is, they are made up 
of various mdividual elements which may differ more or less 
widely from each other. One customer's load for example, 
comprises lamps, appliances, motors, etc.; the load on a district 
includes both lighting and power loads, etc. Some of the most 
common smaller t^its will be discussed first, then the larger 
composite classes load will be considered. A complete 
discussion of all types of loads can by no means be attempted. 
It is only intended to touch on the more important and these, 
for the most part, only in so far as they affect the design of the 
distribution system. Much of the data given, especially con¬ 
cerning composite loads, must be considered only as approximate 
or somewhere near the average. As applied to any particular 
case it must be qualified by good judgment and a knowledge of 
local conditions- 

Lamps.—Lamps form a part of nearly all customers' loads 
since artificial illumination, for a part of the day at least, is 
necessary in connection with nearly all pursuits of life. 

The most commonly used lamp for general illumination pur¬ 
poses is the incandescent lamp of the tungsten filament type. 
Carbon filament lamps, which preceded the tungsten type, still 
are used to quite a considerable extent. The tungsten filament 
is somewhat more fragile than that of the carbon lamp, hence 
the ordinary tungsten lamp is not quite so well suited to use in 
locations subject to vibration or shock as the carbon lamp. 
Special tungsten filament lamps have been developed, however, 
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to the point whciv they can aupplant the carlion lamp in nearly 
all kinclH of Hcrvicc with Hiitiafiictory rraulta ami greater economy. 
Other typcB of lampH, «uch a« the mercury-arc lamp for faeliiry 
illumination, and 8p<*cial lainpafor varioua iiseK, have watte vogue, 
hut their total in Rmall comparetl with the ineantieacent lamp. 
Arc lamps were formerly usetl extensively for stn*ef lighting 
but the incandescent is now, in general, more popular for that 
purpose. 

The incandescent lamp ordinarily used for lighting home, 
office, or factory is usually of the type adapteil to nuiltipie circuits 
of the order of 115 volts (110 to 125 volts). According to the 
l^amp Committee of the National Klectric I,>atnp Association, 
the present use of such lamps is divided into about 12 per cent 
of 110-voIt rating, 48 per cent of 115-volt, 35 per cent of 120-volt, 
and 5 per cent of alt other voltage ratings with a continuing 
trend toward the 115- and 120-volt classes. The lamps used at 
voltages of the order of 230 volts are only about 3 per cent of 
those used In tim lower voltage class (115 volts, etc.). For 
street lighting, Beriea-t 3 rpe lamps are quite oommonly used 
although the multiple type also has ootudderable use. 

In else, the lamp used for general lighting ranges from 10 watts 
up to 1,000 watts, with the sises from 25 to 100 watts in the laigo 
majority. Standard ratings ue 15,25,40,50, CM), and 100 waits. 

Street-lighting lamps are now generally lated aeoorihng to 
illuminating value, «.e., in lumens, rather than by wattage. 
Standard ratings are 400, 000, 800, 1,000, 2,500, 4,000, 6,000, 
10^000, and 15,000 lumens. The majority of seiies-cirouit lamps 
up to 4,000 lumens are made tor 6.0-amp. drouits, 4.0 amp., 
5.5 amp., and 7.5 amp. having also s(»ne use but bdim much 
in the minority. The larger sises, 0,000 to 15,000 lumaos, are 
mostly made for opeiation at 15 or 20 amp., bedng oonneeted to 
the lower ampere operating drouits by small tranafomims or 
omnpaaaatorB. The wattage d the load drawn by aeries-eireuit 
hunpa depends somewhat mi the type of drouit, traadormers 
used, etc., and will be djeouseed later under etreet4ighting load. 

Is^p load of itoelf ehows no dlvereity between individual 
units Cbunps) when in operation ainoe the load of each lamp Is 
essentially oonstant whOo it ia in use. Then is likely to be 
ooadderable diversity in use, however, eepedally in reditonoe 
lilhting where only a oomparatively small proportioa of the totid 
number of lamps conneo^ Is ordinarily used a4 com time. 
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The load factor of lamp load may be almost any amount from 
a very small value for lamps which are used only occasionally 
up to 100 per cent where they are used continuously. For the 
ordinary residence, the lamp load factor is rather low (probably 
not over 10 to 15 per cent on a yearly basis) since illumination 
IS reqmred for only a comparatively small portion of the day. 
In stores and offices it will run somewhat higher as a rule due to 
greater daytime use. Street-lighting lamp load has usually 
a fairly high load factor especially where all-night lighting is 
practiced (of the order of 50 per cent). 

Power factor for incandescent lamps is practically unity. 

Lamps of the 116-volt type are ordinarily connected across 
single-phase, two-wire circuits, such circuits being balanced on 
the two sides of a three-wire, sin^e-phase circuit either at the 
customer’s distribution panel or on the secondary mains outside, 
according to the size of the load. Sometimes, for very small 
loads, the two-wire circuit only is used from the transformer. 
The maintenance of a good balance on the two sides of the circuit, 
not only of connected load but also under actual operating load, 
is essential to good service. When connected to polyphase 
circuits, lamps, being single-phase devices, must be either carried 
on one phase only or else balanced among the phases. As a rule, 
the lamps are carried on single-phase circuits in such cases and 
balancing accomplished either by cormecting these circuits to 
different phases at the service point or by balancing larger blocks 
of such load on the different phases of the distribution circuit. 
These points will be discussed more fully in later chapters. 

The tungsten filament lamp has the property of taking some-i 
what greater current when cold, i.e., when first turned on, than 
when heated. This is due to the fact that it has a positive tern-' 
perature coefficient of resistance, its resistance becoming greater 
as its temperature is increased. In this it differs from the carbon 
filament lamp which has a negative coefficient. The rush of 
current through a cold lamp is so small, comparatively, as to be 
generally disregarded in considering individual lamps. With 
large groups of lamps, however, it may become important, for 
example in its effect on relay settings for automatic reclosing 
circuit breakers on distribution eirouits. The effect of the posi¬ 
tive temperature coefficient of resistance is quite important, 
however, in ite relation to voltage variations. The current taken 
by the ordinary lamp varies approximately as the 0.58 power of 
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the voltage applied. A reduction of voltage below normal does 
not effect a proportional reduction in current, but only a reduc> 
tion roughly in proportion to the square root of the voltage. 
Similarly with voltage increase, the current inercascH only as the 
0.68 power, not in direct proportion. 

_ /^.V ” 

/a 

It follows that the watt^?c absorbed by the lamp is proportioniii 
to the 1.68 power of the voltage. 

Wx ^ BJt ^ /Jg-.V *• 

Wt BUt \bJ ’ 

For example, a 100>watt lamp at 115 volts would take a current 
of 0.87 amp. At 100 volts, the amperage would bo 

/ - 0.87(*09i,s)« “ - 0.802 amp. 

W - 100 ( 10 ^, 5 ) 1 .** « 80.2 watts. 




The luminosity of the lamp varies with the 3.61 power of the 

voltage for a tungsten lamp. 
This is somewhat lower than 
the figure for carbon lamps, 
that is, the variation In iUu> 
mination is less with the 
tungsten lamp for the same 
variation in voltage. 

F%are 17 shows graphioally 
the variation of resietance, 
eurrent, power, effieieney, and 
luminosity of the tungsten 
lamp with variations in volt> 
age, also vaiiatlon in roriat- 
„ ___ .... anoe of carbon filaments of 


Fxa- of tun««l«n types. 

lamp«: (a) reakiattosinoiu^ (6> oummt The effect of VOltagC vari« 

in lunMina; (/) x-oidataniMi of imtxMtod 3Ciotioeable aud troublBBome 
ewrw ’''••^■****®* ^ toasted jn voltage dips oauaed by 

startiag eunenta of motors 
connected to the same oireults. Teats to determine the, 



LOADS AND THEIR CHARACTERISTICS 


35 


maximum allowable dip in voltage^ show that the amount of 
voltage fluctuation which is noticeable or objectionable depends 
somewhat on the rate at which the voltage changes and on the 
frequency- with which the flicker or dip occurs. In general, 
it may be said that a 2 per cent dip in voltage is not particularly 
noticeable or objectionable unless it occurs frequently (several 
times per hour); 1 per cent cannot be detected by the eye ordi¬ 
narily, and dips of 5 or 6 per cent or even larger do not give rise 
to serious complaints if occurring only occasionally. About 
3 per cent is usually accepted as a maximum allowable dip for 
good service conditions. 

Series-circuit lamps are quite sensitive to variations in the 
amount of current flowing through the circuit. A variation of 
1 per cent above or below normal should not be exceeded. 

The life of lamps is dep>endent on the voltage applied, being 
considerably reduced at voltages appreciably above normal. 
The life also depends somewhat on the number of times the lamp 
is switched on and ofi. 

Small Heating Appliances.—Small heatmg appliances are a 
large contributing factor to the comfort of the modem household 
and form a part of nearly all residence loads. They include 
flatirons, toasters, percolators, heating pads, waflBLe irons, heaters, 
curling irons, and an infinite number of other similar devices. 
Table I lists quite a number of these with their average demand. 
As a rule, these are probably more effective in increasing the 
consumption of cunent, i.e., improving the load factor, than in 
adding to the load demand except in case of the larger units. 
Most of them are used more or less intermittently and at times of 
the day other than when the lighting peak is on, hence their load 
factor (of each unit individually) is usually extremely low and the 
diversity between various units very high. On any one service, 
the actual peak demand may be due to one or more of such 
appliances—a toaster or flatiron drawing 760 watts, if added 
to a certain amount of lighting, may well exceed the peak due to 
lighting alone. The high diversity and time of use, however, will 
cause the effect on the total demand of a group of such loa^ to 
be comparatively small. Power fcuAar of such devices is practically 
unity. 

iKxiHoii, A. H., "Underground A.C. Networks,” Jovr. A.I.E.B., June, 
1924; 'WiuuiAMs, C. A., "Voltage Fluctuation and Its Effect upon Lighting,” 
Pennsylvania Electne Association, Jan. 16, 1924. 
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three-wire, single-phase circuit. In this way they are similar 
to lamps but, being much larger and of more intermittent use, 
are less easy to balance with other loads on the opposite side of 
the circuit. 

Close voltage regulation is not so essential for these devices 
as for lamps, since the effect of reduced voltage and its accom¬ 
panying reduced current is merely to cause a corresponding 
reduction in the heat produced or a slowing down of the operation 
of the device. They are not nearly as sensitive in this effect as 
a lamp is in its illumination If poor regulation is allowed on such 
an appliance, however, its effect will be felt on lamps coimected to 
the same circuit, causmg them ^o bhnk noticeably when the heat¬ 
ing device is turned on and possibly to burn low while it is on. 
Hence, it is important to keep the regulation within reasonably 
small limits for such devices which are used on the same drouits 
with lamps. 

Resistance of such devices is practically constant, hence current 
varies directly in proportion to voltage and wattage consumed, 
also heat produced varies directly in proportion to voltage squared. 

Water Heaters.—^Electric water heaters, i.e., tank heaters, 
cannot be said to have come into very general use although their 
use is growing as more efl8.cient designs are placed on the market. 
As to characteristics as an electrical load, they are not essentially 
different from the smaller heating devices previously discussed 
except as to size. They draw usually from 1 to 6 kw. but bal¬ 
anced across the 230-volt circuit, at least in the larger sizes. 
Their load factor is not high but is much better than that for the 
smaller devices (probably of the order of 10 per cent). Ordi¬ 
narily, for good service conditions, they should be connected on a 
separate circuit from the service entrance and not on the same 
circuit with lamps. Sufficiently good regulation up to the service 
entrance must therefore be maintained so that the lamps on other 
circuits will not be affected by voltage drop caused by the current 
in the heater. 

The water heater is likely to be turned on at the time of the 
peak lifting load, especially if it is automatically operated, and 
hence may add to the peak demand of the customer and of the 
distribution circuit. There are devices on the market which can be 
used with a heater to automatically limit it to off-peak operation. 

Electric Ranges.—^The electric range has become quite an 
important load m some communities, especially in suburban 
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districts where gas service is not available. Kven in large cities 
where gas is available, ranges are quite often found, especially 
in apartment houses with kitchenette apartments. In some 
localities the use of ranges is stimulated by a special rate for such 
service. 

The connected load of a range varies with the nunilx'r of 
heating elements contained and usually ranges from about 4 kw. 
for arwallftr ones to 7 Or 8 kw. for larger, with some of still larger 
size in very large residences. (This does not include those* for 
commercial use which may be much larger and must be considered 
as large individual loads.) The average is probably between 
6 and 7 kw. Since the range is made up of several smaller units 
or elements, usually ranging from 500 to 2,000 watts in size, 
it is rather rare that the whole connected load is on at one time, 
especially for any appreciable length of time. The actual peak 
demand for the range will equal its total rating or connected 
load but this may be experienced only occasionally, the ordinary 
daily demand being perhaps only H *<> M great and even that 
for short periods only. The diversity between several ranges 
in a group, under ordinary conditions of household use Is there¬ 
fore high. Tests made in various localities have indicated that 
the diversity factor (based on actual peak load, t.e., rating of 
range) between three ranges is about 3, and increases to 5 to 7 
for a large group—^that is, 20 ranges or more. The average 
demand of a large group of ranges, 200 to 1,000 of various aiscM 
has been given as 728 watts per range. It is safe to say that 
the average for even much smaller groupe (over 20 ranges) will 
not be more than 1 kw. each. 

The Dom^tic Range Committee, of the National Electric 
light Association giv^ the foUowii^E data on range load, obtained 
from tests in Washix^ton and Oregon. ‘ 


-* 

aty 

Ruml 

Average ooxmected load.. 

7.14 

5.44 

8.86 

0.88 

0.87 

1,424 kw.-hr. 
18.0 

Average maximum demand. 

S.67 

Maximum demand for group of 150 ranges: 
Summer..... 

0.88 

0.84 

1,424 kw.-hr. 
18.2 

Winter.. ... ^ .. 

Annual consumption.. 

Annual load factor. 


»N.B!X.A., Proc. 1S27. 
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The peak on range load comes at about 6 p. m. as a rule (this 
will vary with localities and living habits) with minor peaks in 
the morning and at noon. The afternoon peak comes after the 
power peak (see Fig. 7) and before the lighting peak (see Fig. 5), 
hence does not usually add directly to the system peak but serves 
as a method of increasing system load factor. As affecting the 
local distribution S 3 rstem, the range peak for a few ranges may be 
less than the lighting peak and hence will add only a comparatively 
much smaller amount to that peak. For a number of ranges 
large compared with the hghting customers served, the range 
load may well predominate, since few groups of residence custom- 

700 

600 

:|500 

J400 

£ 

£300 

•5 

JlOO 
too 
0 

ers have an average hghting demand of anything like 1 kw. per 
customer. Figure 18 shows a typical daily load curve for range 
load, assuming 1,000 ranges.^ 

Load factor for a single range is very low, but for a group of 
ranges is much better, being somewhat of the same order as 
load factor for lighting load. An annual load factor of 4 per cent 
for a single range based on its peak demand and of 23.2 per cent 
for a large group (200 or over) based on the group demand has 
been foimd by test.* The demand does not vary greatly durii^ 
the year except for a certain amount of decrease in use during the 
hotter summer months, usually not more than 20 per cent or 
so. 

Power factor of range load is practically unity- 

‘ Skow, Habbt a., “ Utility Research Indicates Appliance Load Values,” 
EfUdnccI, World, Jan. 21, 1928. 
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Fio* 18.—Typical daily load—1,000 electric ranges. 
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The heatiag elements of a range are ordinarily mtod at 11() 
volts (or thereabouts). They are usually connected so as to be 
balanced on the two sides of a 230-voIt circuit as well as possible. 
It is a qmte common practice to put the surface plates on one aidtj 
and the oven elements on the other. This makes it a common 
occurrence to have all the load on one side of the line in operation 
at one time with no load on the other side. Such a condition 
of unbalance causes a large voltage drop on one side anti a volt age 
rise on the other—an undesirable condition. Sometimes balancti 
coils, or small autotransformeis, are used on the service to balance 
such a load on the 230-voIt circiait but the expense of these are 
not always justified. It is probably more common practice 
to provide for the unbalanced load by having the secondary and 
service wires large enough and the distance from the tmnsformcr 
not too great, the transformer also being of sufficient capacity. 
Perhaps somewhat greater regulation for the full range load than 
for lighting may be allowed. This may be permissible considering 
that the range is not often on, at least to anywhere near its full 
capacity, when the lighting peak is on. Since the half-load 
condition (all on one side of the liim) is usually more serious in 
its effect on voltage regulation than full load, however, and such 
half load may imder some conditions be an ordinary occurrence 
along with important lighting, care must be taken not to make 
too great an exception for ran^ load, especially where close 
regulation on the lighting is important. Locfd conditions must 
be considered in judging this. In all cases the range should bo 
on a separate cirotiit from the servioe entraaoe and not on a eixouit 
carrying lighting. 

As with smalter heating appliances, cunrent varies practically 
in (Hrect proportion to volt*^ applied; wattage consumed and 
heat output in proportion to voltage squared. 

Small Motors.—Fraetionri horeepower motore are the motive 
pbwer for vacuum deaners, washing machines, eleetrio refr^era* 
t^s, eleetrioa^y operated oil burners (furnaces), and 
equipment. 

Common rises are ^ and ^ hp. with some ss wwitii ss Ms aad 

and some laager, up to H w ^ hp. 

A very h%h ^verrity factor and low-load factor is obtained 
^tb m<sh appl^oes as vacuum deaners, wasl^ maehinee, 
mCy wnose use is ouly ocoo^onal aud for oomptuniiv^ly short 
periods. Rarely do they add any apimacirible amount to tbe 
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peak load of the ciistomer or the circuit, their effect being chiefly 
an increase in consumption and hence in load factor. With 
refrigerators and oil burners, however, the case is somewhat 
different. They are usually operated automatically (thermo¬ 



statically) and are as likely to be operated at time of peak load 
as at any other time, thus adding directly to the peak. Since 
they are operated intermittently on a fairly constant mechanical 
load, their load factor is comparatively high and the diversity 
comparatively low. Tests made in Detroit^ showed 



Diversity between individuals. 2.8 

Diversity between group maximum, 
and assumed general December peak 1.61 

Annual load factor.69.3 per cent 

Diversity between individuals. 1.6 

Diversity between group maximum 
and assumed general December peak 2. 

Annual load factor—^individual .... 17 1 per cent 
Annual load factor—group. 26 4 per cent 

Figures 19, 20, 21, 22 diow tsrpical daily and yearly load curves 
for these two types of load. 

* Show, Habbt A., “Utility Research Indicates Appliance Load Values,” 
EleetriccH TVwW, Jan. 21, 1928. 


For refrigerator load { 


For oil-burner load.. 4 
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The power factor of the majority of fractional-horHopowiT nwrtorH 
is low, from 50 per cent to 70 per cent with the average about 60 
per cent. A general use of such equipment with low power 
factor, especially at time of lighting peak, is likely to l>ccome a 
serious problem to the power companies unless accompanied by 
a large use of ranges or other high power factor loatl. 

f 60 

I 50 

t 

I 30 

•o 


Jan Fab. Mar. Apr. May Juna July Aug. Sapt. Oet. Now Dee. Jan. 
1^0. 21.—Typical yearly load—rafrigerator. 



This tsrpe of load is ordinarily rated at 115 volts, hence is 
unbalanced on the single-phase, three-wire system except as 
balanced by other loads on the opposite side of the neutral. 

Good voltage regulation to the motor is not newirly as important 
as for li ghting since the motor will run at a conriderably reduced 
voltage (10 per cent or more). As with all other appliance load, 



Fio. 22,—^Typioftl yeiirly oH burner. 


however, sufiSciently good regulatiion should be maintained that 
the starting of the apparatus will not produce serious dips in 
the lifting on ihe same service. This is espedally true of such 
loads as refrigerators and oil burners, which are on and off 
intermittently all through the day and night. If such r^;ulation 
is provided, the requirements of the motor itself wIB ueually be 




LOADS AND THEIR CHARACTERISTICS 


43 


amply taken care of. The starting currents of these fractional- 
horsepower motors are usually high, and these currents are at low 
power factors, hence they are quite hkely to cause disturbance, 
to the regulation of the service unless properly provided for. 

It is interesting to note in this regard that the various interests 
concerned have recently agreed on standard limitations on 
fractional-horsepower motors as follows:^ 


Power factor (minimum) 


Locked rotor current (maximum) 
Three-fourths locked rotor current. 


’ From 50 per cent for ^ hp to 62 per 
cent for % hp. on short-use motors 
From 62 per cent for ^ hp to 66 per 
cent for hp. for long-use motors 

.20 amp. for M to H hp., 26.6 for ^ 
hp , 40 for hp. 

16 amp. for M to H hp., 20 amp. for 
K, 30 for M hp. 


Industrial Motors.—^By far the greater number of electric 
motors used for commercial and industrial purposes are alternat¬ 
ing-current motors of the induction type. Synchronous motors 
are used to some extent, however. Direct-current motors also 
have considerable use for purposes where accurate speed control 
is desirable, such as elevators and printing presses, not only in 
districts where direct current is the prevailing type of distribution 
but also in alternating-current districts with motor-generator 
connection. Little data of value can be given regarding the 
demand, diversity, or load factor of individual motors. Their 
size varies from fractional horsepower to very large sizes, and 
the type of load for which they are used, and degree of loading, 
determine the demand and load factor. The latter may vary 
from a very small quantity for intermittent loading up to 100 
per cent for continuous operation at full load. The character¬ 
istics of groups of motors in certain industries will he considered 
later. 

The pow&i' f odor of an induction motor depends not only on its 
design but on the degree to which it is loaded. The power factor 
at full load may be almost any amount from 50 per cent to 95 per 
cent depending on the type and design, but ordinarily for the 
general run of motors (except fractional horsepower), the power 
factor is of the order of 80 to 90 per cent, the larger motors having 
somewhat the better values. When operated at less than full 

* See ElectncaL World, Feb. 18, 1928, p 366. 
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load, however, the power factor drops appn*eiahly approaciuiiK a 
very small value at no load. This condition HometiineH ix>c;onu>K 
serious where a general policy of underloading or overniot tiring is 
followed in a manufacturing plant. The power factor of the 
load as a whole will sometimes drop to values of the ortler of 
60 to 60 per cent from this cause. 

S 3 mchronous motors can bo operated at either a lagging or 
leading or 100 per cent power factor as desired by adjusting the 
excitation. If overexcited, they may be made to draw leading 
current and hence are sometimes used as condensera to correct 
the otherwise poor power factor of the induction-motor load of a 
plant. 

The starting current of a motor often occasions a serious 
problem if the motor is connected on the same circuit or service 
with lighting load, especially if such load is of the order for which 
close regulation is considered essential. An elevator motor in an 
apartment house is an example of such a ease. The starting 
current of an ordinary induction motor thrown directly in the line 
may run from two to six (or more) times the full load running 
current. This may be limited by starting devices or by special 
design. The comparatively lai^ starting ourrent causes a 
correspondingly large voltage drop or dip in the transformer and 
lines. If the motor is large compared with tlM lighting load» such 
dips may become a major factor in the design and transformer 
and secondaries have to be sized according^ ratlsMBr th an for 
actual operating load. Sometimes the most satisfactory solu¬ 
tion is a separate transformer and wiring for the motor. Primary 
voltage win be affected only in tibe most serious esses but it 
sometimes occurs that huge motors, even if carried on sepamte 
tiansforiasrs, will impair the sorviee on a whdto distribution 
circuit. Where the motor-starting current is in compari¬ 
son with full load on the tnansformer and secondaries, it sdll be 
al^rbed without a noticeable dip and henoe such a motor may 
be saf^ connected with lighting. Wiring to the motor from 
the euetosaucs’ service entrance should be separate from li ghting 
circuits as a rule. 

Idnst ol the tazgor motors used for general industrial loads are 
pc^iAiase and.even smaller ones iJm, down to 2 or 3 hp., where 
polyphase current is^ available. Polyphase motors are con- 
fddsi^l^y cheaper as a rule than single-phase motors ct the same 
rise. Most of the power coanpanioB are making efforts to 
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polyphase current available quite generally on their system, 
especially in commercial and apartment house districts. 

Manufacturer’s standard motor voltages are: 

Single-phase 110, 220 volts 

Polyphase, 110, 220, 440, 560, 2,200 volts. 

The voltages most often encountered are 220 volts for single¬ 
phase over ^ hp and 220 or 440 volts for pol 3 Tphase. 

Voltage regulation to motors need not as a rule be of as high 
an order as for lighting except where lighting is also involved, 
as discussed above. The ordinary motor is guaranteed for 
“satisfactory operation at 10 per cent above or below rated 
voltage although not necessarily with the same characteristics 
as at rated voltage. ” 

The current taken by a motor varies more or less in inverse 
proportion to the voltage applied, i.e , for a given load the prod¬ 
uct of voltage times current input will remain practically 
constant, except as the efficiency and power factor of the motor 
varies with voltage. The way in which the efficiency and power 
factor vary will depend considerably on the design of the motor 
and on the amount which the voltage deviates from rated voltage. 
For ordinary small fluctuations (10 per cent or less) the change 
in efficiency and power factor is usually inconsiderable. 

Industrial Heating.—^The field of industrial heating is one 
which has opened up comparatively recently but is rapidly assum¬ 
ing large proportions due to the relative ease of application and 
control of electric heat. The apparatus used is of three general 
types, welders, furnaces, and ovens. 

The oven ts^ie (enameling, heat treating, baking, etc.) is a very 
desirable load from the engineering point of view. Ovens 
draw a fairly steady current at approximately unity power 
factor and are likely to have a high load factor, economical 
operation being continuous or nearly so. 

Furnace load (brass, steel, etc.) on the other hand is likely to 
be more or less intermittent, drawing heavy “jumpy” current 
during part of the heat and lower current for the rest of it. On 
the whole, however, the load factor is likely to be fairly high, 
since economy points to as continuous operation as possible. 
The power factor of furnace load varies with the type of furnace 
from as low as 60 per cent to as high as 96 per cent, with probably 
the majority about 76 or 80 per-cent. The sizes of electric fur- 
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naces vary through a wide scale. Thrtje-phauc Htc*cl furnaeos 
often run from 1,000 to 2,000 kw. Brass furnaces arc more often 
single phase, from 60 to 100 kw., but may l>c larger. Htili Htnnller 
ones are found in other applications. 

Welders draw an intermittent load of high peaks. XTsually a 
welder is served at comparatively low voltage (HO tti 60 volts) 
by a separate transformer off the main power circuit, having 
high current capacity. The larger sized woklers may require use 
of a motoi>generator set between the welder and the power 
system to prevent annoying volta^ dips. The limiting size in 
such a case depends on the conditions of the case—type of lines, 
size, service requirements. In some cases it may run 200 or 300 
kw., in others much less. The power factor of welder load is 
relatively low, varying through the weld somewhat and with the 
type of welder. The load factor of an individual welder is low, 
but for a large group of small welders it may be quite high duo 
to the large diversity. 

Residence Load —^Light.—The composite load drawn by the 
more ordinary residence district, containing mostly ones' and 
two-story residences, is usually made up quite largely of lamp 
load. Almost every residence will have a certain number of 
heating appliances and small motor appliances but the inter¬ 
mittent use of most of these prevents their adding greatly to the 
peak load which would be obtained from the lamps only. The 
exceptions to this are electric ranges, refrigerators, oil-bumcr 
motors, water heaters, etc. which have regular daily use and for 
a considerable part of the day. Such loads will add a consider' 
able amount to the actual peak lamp 1c»m1 of any customer and, if 
ooouiring in any considerable proimrtion erf the servioes in the 
district, will have material effect on the peak load of the district. 
Ranges and water heaters if generally used will predonrfnate the 
lamp load and cause the actual peak, supplemented to some 
extent by the lamp load but usually at a different time than the 
lamp peak. Figure 23 shows a typical residenoe-lii^ting load 
curve (including small appliances) for 1,000 customers exper¬ 
ienced in Detroit.* Figure 24 shows the effect on the gnmp load 
if each customer had a range, a refrigerator, and an oU burner 
(see Figs. 18, 19, and 20 for thase loads separately). Figure 26 
shows the effect with rasoge load only added to Under 

» Snow, Habkt A., "Utility Research Indieatea Aopliaaee Load VahsM." 
Electrical World, Jaa, 21, 1928* 
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present conditions there axe few localities where such composite 
loads as these illustrated will be found, the occurrence of such 



Fig. 23.—Typical daily load—1,000 customers, lighting and other uses. 



AM Noon . 

Pig. 24.—Typical daily load—1,000 residence customers with lighting, range, 

refrigerator, and oil burner. 

ai^Iiances being more often occasional than universal. Their 
use is increasing, however. Where only an occasional range, 
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etc., is found, the net effect on the group load will dep<*nd t»n the 
proportion between total range load and total lamp loud. 

A high diversity is found between individual domnndH in a 
group of any consideraWe size—something of the order of 5 to 

7 _apply ing both to loads where lamps create the peak and also 

to those for which ranges predominate. For ranges the diversity 
will be of the order of 3 for a group of 3 or more up to 5 to 7 for 
a group of 20 or more (based on actual t*e., capacity 

of range). The actual maximum demand for a residence will 
depend on the amount of appliance load and lamp load connected 



Fio. 25.—Typiosl daily load— 1.000 midanM euatooMra with Ushtlns and 

raaota. 


and ^ run from perhaps 200 to 800 watts for s m al l residenees 
with no a^lUmees, to 1 to 2 kw. fesr nmdium or large reiridenoes 
with small appHanees, to 5 to 8 kw. where ranges are used. 
The following average loads for various types of load in grmips 
of 40 oar more ewixmaam were found in a test macte in Detroit 
a few years ago—no ranges induded: 


Watts 


Vsiy sosU bousos. 70 

hoosas... 300 

Lairgs houses. 300 

Two^amOy Oats. ISO 

Small stofes...... 1,180 
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The load factor (annual) of the average residence load (group) 
is of the order of 20 to 36 per cent for lighting depending on the 
size and type of the group. When range load is added the load 
factor may or may not be increased, since the group range load 
factor is of somewhat the same order. In the example shown on 



Fig. 26 —Typical yearly load—residence lighting and other uses. 

the curves—Figs. 26 and 27 from the Detroit tests corresponding 
to the daily loads shown on Figs. 23 and 24, the yearly hghting 
load factor may be computed as 37.6 per cent while the addition 
of ranges, refrigerators, and oil burners for all customers gave a 
resultant load factor of 35.3 per cent. These figures should be 



Fig- 27.—Typical yearly load—average residence customer with lighting, range, 

refrigerator^ and oil burner. 


considered only in their relative values and not as actual annual 
load factors since it is understood that the daily load curves of 
Figs. 23 and 24 were not for peak days but were merely charac~ 
teristio. Actual annual load factor should be more of the order of 
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25 per cent. In the report of the National Kleetrie laicht Ahho- 
ciation Domestic Range Committee, the figuren iiclow are given 
as the result of their teats, i.e.. 


KurnI 


Annual load factor—liKhtand appltancoH 17 IWi 3 05 

Range. . ! 18 fl I IH 0 

Both with watc*r heater . * 10 35 21 4 


The power factor for residence load is veiy clc»c to unity except 
as affected by such motors as may be in operation. A fair aver¬ 
age of about 95 per cent may usually be assumed for a group load, 
.including the effect of inductance in secondary lines, etc. 

It is often convenient to consider residence load as uniformly 
distributed along the lines although there vill nearly always be a 
sprinkling of larger loads or loads of different character which 
upset the uniformity of distribution. A single range on a second¬ 
ary whose load is otherwise all lighting or an apartment house 
in a district otherwise made up of small residences arc examples 
of this. Such loads must be taken account of when designing 
the circuits. Load density for uniform distribution will depend 
on the type of district and the degree to which it is built up. 
It may vary from as low as 6 kw. per 1,000 ft. of secondary 
(much lower than this will usuaUy not be considered as uniformly 
distributed) up to 26 or 30 kw. per 1,000 ft. for ordinary light 
and medium residential load. Where ranges are prevalent, 
the density will be more of the order 50 kw. or more per 1,000 
ft., and similar or higher densities will be found in the heavier 
residential districts containing apartments, etc. 

Growth of load in a residence district depends upon so many 
factors, the amount of vacant property to bo built up, character 
of population, general business conditions, sales effort, etc., 
that no general figures of any value can 1 m idven. It is the 
experience in most districts, even when well built up, that 
growth from year to year may be expected. A oarefuUy kept 
continuous record of load on distribution oixeuite is a valuable 
aid in predicting future conditions and deidgning the system. 
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Light residence load is most generally served from 115/230 volt 
(or similar voltage) three-wire, single-phase secondaries. Voltage 
regulation should be kept fairly close on account of the lamp 
load as discussed above under lamps, with especial attention to 
preventmg excessive voltage dips due to motor starting currents 
or other large loads. A plus or minus variation of 5 per cent of 
normal voltage (steady voltage, not dips) should not be greatly 
exceeded for good conditions and for more dense city load some¬ 
what closer regulation is justified, ordinarily. 

Continuity of service to hght-residence load is desirable but 
it may be said that absolute ICX) per cent reliability is usually 
not an essential to the extent that a large expenditure is war¬ 
ranted to insure it. The degree of rehability which it is prac¬ 
ticable to maintain will depend somewhat on the character of 
load and its density, i.e., rural customers cannot be given as high 
a degree of reliabihty as city load with reasonable expense. 
Outages are always an inconvenience and if too frequent or of 
too long duration will reflect in the attitude of the customers 
toward the company. For this class of load m general they are 
usually more of a nuisance than a hazard. 

Residence Load—^Heavy.—No sharp dividing line can be drawn 
between light- and heavy-residence load, the characteristics 
of all such loads being quite similar. As was pointed out above, 
the load of a group which might otherwise be of fairly low 
density, may be fairly heavy due to a general use of electric 
ranges, water heaters, etc. However, very heavy residence load is 
usually made up partly or wholly of apartment-house load. This 
load, as far as the lighting and appliance load of the individual 
apartments is concerned, is not essentially different in character¬ 
istics from any other residence load except possibly for a some¬ 
what lesser use of appliances and somewhat higher proportion 
between demand and connected load. Electric ranges in each 
apartment are sometimes foimd and these affect the demand, 
etc., as indicated above. Considering the apartment building 
as a whole, however, the characteristics of its load are affected by 
the fact that there is often a fair amount of motor load included, 
such as motors on elevators, ventilating fans, pumps, refrigerating 
machines, etc. Such motor load has its own typical character¬ 
istics as to load factor, power factor, etc., and these must be 
combined with those of the lightmg and appliance load to get a 
picture of the composite load. While no definite rule can be 
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set down as to the relative Bijso of the two ty|H‘M of load, Kiiiee 
this will vary with location, type of building, iiw of rangcH, ote, 
a power load of 20 to 25 per cent of the lighting loatl will often }>e 
found. In this ease there is likely to lie little tliversily Itetween 
the lieHting and power peaks, since the pow<*r is an evening as 
well as a day load. 

A district of any considerable size with purely resident iid loiul 
is not usual. More often there is a certain uiiunint of coinitiereiul 
load intermingled, due to stores, small shops, etc, Thc'se affect 
the oharacteiistics of the load of the district as a whoh*. 

Commercial Load (Stores, Small Manufacturing Shops, 
Theaters, Markets, Etc.).—Commercial load is characteristically 
a combined light and power load with the lighting usually pre¬ 
dominating but not always. The proportion in which they 
combine depends entirely on conditions—for example, the ordi¬ 
nary small store will have a few motors such as coffee or meat 
grinders, ventilating fans, refrigerating machinoa, etc., but these 
nm intermittently and may take a very mnall load compared with 
the lighting which may jinclude a fairly large demand for window 
lighting, electric mgns, ^play lighting, etc. On the other hand, 
some commercial loads lean more toward the manufacturing 
side, as in a market district where the day power load in elevators, 
large refrigerating machines, ventilators, food grinders and the 
like may greatly overbalance the lighting load. 

The diversity between individual demands for power load only 
is likely to be high, since the power load is usually diverrdfied 
as to use. For the lighting load, however, a low diversity 
will usually exist idnoe with such Hghtiiig, nearly all the eon- 
neoted load is likely to be uaed at the same time. There is not 
likely to be much diversity between power and lighting peak for 
such loads. 

Power factor eff the motor load is likely to be low dim to the 
tendency toward overmotoring in sudh types of installations. 
The powee facter of the load as a whole at peak load will depend 
on the relative proportions erf power and iight.irig load included 
in mie total 

Ckimmeroial load is inolined to be **^potty** rather than uni¬ 
form]^ distributed due to the difference in rfUw and type erf busi¬ 
ng of individual customers. This must be taJeen into aeoount 
in designing the distribution system so that tibe individual heavy 
loads are taken care of. The same is true of the neoesslty for 
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oontinuity of service. For certain loads such as theaters, hotels, 
large department stores, etc. it is extremely important that as 
near 100 per cent reliability as possible be provided whereas 
with small manufacturing shops, small stores, and the like, the 
need is not always so urgent, although for all such load a high 
degree of reliability is very desirable. 

Growth of load in commercial districts has been considerable of 
late years and bids fair to continue for some time to come on 
account of the growmg interest and appreciation of good lighting 
as a sales medium. 

The heaviest commercial distaricts in some of the larger cities 
are still carried on direct current. Elsewhere, the supply of 
alternating current at 115/230 volts for lightmg and 230 volts, 
three- or two-phase for power is quite well standardized. The 
comparatively recent development of alternating current, low- 
voltage, multiple-feed networks has offered a possible solution 
to the problem of service rehabihty. In connection with these 
networks, several companies have established combined single¬ 
phase, three-phase secondary systems using either 115/199 volts 
or 120/208 volts. This question is discussed in some detail in 
Chap. VII. 

Commercial loads are usually of fairly heavy density, i e., 
running from say 25 to 60 kw. per 1,000 ft. up to very large figures 
in the downtown districts of cities like Chicago or New York. 
The character of the load, especially in the downtown districts 
usually demands a closer voltage regulation than is necessary in 
outlying districts. 

Street-lighting Load.—Street lighting is a desirable type of 
load for the power company both on account of its favorable 
characteristics from the engineering point of view and also due 
to its advertising value. 

It is a load of 100 per cent demand factor and high load factor— 
of the order of 60 per cent where all-night lighting prevails. 

For series-type lamps, the load per lamp and power factor 
depend somewhat on the degree to which the series-circuit 
transformers, .used to suply them, are loaded as well as the 
size of the lamps themselves. The following data are given 
in the National Electric Light Association Overhead System 
Reference Book: 
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Table II.— Approximate TiiANKPOitMKU CAPAriT^ Takk\ in 

Sbhiba La&iph 


ListupiiH KiiowiitiH 


Individual soricH typ<». ! 

! IWK) 

i 

o 

Olfl 



0 

05H5 

j 

1 jm) 

o 

072 

i 

2.5<K) 

0 



4,0(K> 

0 

257 



o 


Cbinpensator typ<* • 

4,000 

0 



6,000 

0 

42 


10,000 

0 

667 


15,000 

1 I 

0 


Power Factors of BTR£ET**LxaKTiNci Tkanskoraiekh 

Indoor 91.25 to 92.5 per cent at 100 per c*oftt load 
54.5 to 57 per cent at 50 per cent load 

Outdoor 76 per cent. . at 100 per nail Itiad 

38 per cent . . . at 50 |K*r rent loud 

21 per cent .. . at 25 per cent load 

Power Load (Mantifactating).—There in no definitf! dividing 
line between what may be called power loads and the commercial 
loads discussed above. The latter may be thought of. however, 
as loads where the lighting is of prime importance and the power 
more or less incidental or at least not mueh greater than the light- 
ii^ whereas power loads are conceived of as being predominately 
power with only a comparatively small amount of lii^Ung (umnu- 
facturing plants, etc.) 

Power loads usually consist to a large extent of induotion-motor 
load. In certain typ^ of plants, the industrial heating load plays 
an important part. The characteristics of the load as a whole ate 
aJSectiMl by the proportion in which the different types of load 
occur. They are also governed by differences in tsrpe of manufac¬ 
ture, method of operation, plant design, efficiency of management, 
and numerous other factors so that th^ is quite a wide variation 
in such elements as power factor, load factor, dlvendty, etc. not 
only between different industries but also between different indi¬ 
viduals in the same industry. Such jSgures as can be i^ven in 
this regard must be considered as only very general «-wd not appli¬ 
cable with any degree of accuracy to any particular case with¬ 
out further local investigation. 
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Demand factor is likely to be comparatively low for power loads 
consisting of a large number of comparatively small units (motors 
and heating devices) due to the high diversity between peak loads 
on such umts. Where the umts are fewer and hence larger in 
comparison with the total load, the demand factor will be higher. 
Especially where furnaces or ovens comprise a fairly large pro¬ 
portion of the load, the demand factor will be high. Table III 
gives some characteristic demand factors for various industries 
found in a quite extensive survey of power loads in Detroit: 


TabliZ! III. —Demand Faotobs fob Vabiotts Types of Manttfactubing 

Plants 

Maximum Demand -r- 
Total Connected Load 


Asphalt ... ... 

0 

70 

Automobile assembly 

0 

68 

Bakery , 

0 

64 

Bedding 

0 

66 

Boat. .. 

0 

61 

Body (auto) 

0 

68 

Bottlmg... 

0 

62 

Brass... 

0 

80 

Brick . 

0 

70 

Cement 

0 

65 

Cement and asbestos products . . 

0 

63 

Chemists 

, 0 

60 

Cleaners and dyers 

0 

68 

^Coffee... ... 

0 

42 

Clothing . . . 

0 

45 

Crane. . . 

0 

80 

Creamery. 

0 

77 

Drop forge .... 

0 

76 

provision 

0 

60 

Blectrical ... 

0 

75 

Excelsior. 

0 

90 

(^Foundry . .... 

0 

63 

Garage ... 

0 

53 

Gas 

0 

60 

Grain elevator. .. . . 

0 

,69 

Graphite. 

. . 0 

.81 

Hat. 

0 

.60 


0 

92 

Ink. . 

0 

.80 

Knitting mills * . . . . 

... 0 

86 

Laundry ... ... 

. . 0 

82 

lime products . . 

. 0 

65 

Lumber.... . 

.0 

.64 
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Table III— Demand Factoks von Vabious Typkh ov MANt’KAr»rt"iiiN<} 

Plants. — {Continued ) 

Maximum Dpinanil, 
Total Omnovtvd Load 


Machine shop . . . . 0 75 

Meat market . . .0.7H 

Meat packmg . . . O 79 

Motor (marine) . . . . . . 0.H2 

Oil. . . .9 <19 

Oxygen. . ....O 70 

Paint and color works . 0 72 

Paper .. ...O 75 

Paper products. ....0.47 

Pin.0 05 

Plaster. 0.95 

Plate glass . 0.75 

Pottery. 0.60 

Prmting. , 0.50 

Railroad Ground house) .. .. O 92 

Refrigerator (iceless) .. ... O 75 

Roohng. 0 60 

Salt . O 75 

School.O 60 

Scrap metal ..... 0 42 

Sewer contractor... O 65 

Sheet metal. 0.44 

Screw machine. O 71 

Stamping. 0 73 

Steel.0 53 

Stone cast... .... . O 48 

Stone cut.. .. O 73 

Stove . •*. a*, a ..*• 0 1 69 

Sugar... O 75 

Tdephone.....0 95 

Tobacco...*.0.6i 

Varnish.... ..0 75 

Wire , , ...O 65 

Woodworking... 0.55 

Zinc process... 0*55 


Tl» above taHe ^ves aa aven^ tioaoaad factor lor different 
of bt^ineaB wbioh it was oosoeidered ooiiM be need safely 
witbont ov^doadij^ the traxisformffir more than 26 per oent. If 
we wl^ to get more acetirate demand faoton. toe fcdiowing must 
be considered: 

A. Total coojoeeied load—'••a total oonneoted load inefeaaw the 

demjmd factor decreases. 
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B. Size of individual motors, etc The larger the motors compared 
^th total load, the higher the demand factor. 

C. Grouping of motors, i.e., whether customer has all large or all small 
motors, or a number of each. 

2> Ratio of size of large motors to small motors. The larger the ratio 
of the average of large motors to the average of small motors included in 
any load, the higher the demand factor. 

Diversity between different power customers, especially those 
m different lines of business is likely to be quite high. Advantage 
can often be taken of this in grouping several power customers 
on the same transformer installation, the transformer capacity 
necessary for the group being perhaps no more than one-half the 
total necessary to serve each one separately. 

Power factor of industrial power load is likely to be quite low 
unless special measures are taken to increase it, such as differen¬ 
tial rates based on power factor. The general use of induction 
motors whose power factor at best is of the order of 80 to 85 per 
cent, with a quite universal and natural tendency toward over¬ 
motoring, leads to power factors of the order of 70 per cent quite 
commonly and in many cases as low as 60 per cent or even less. 
Low power factor has a serious affect on the design and costs of a 
distribution syntem. The capacities of lines, transformers, regula¬ 
tors, etc. are based on cxurent carried and losses are proportional 
to the square of the current. Hence, since the current increases 
in inverse proportion to the power factor for a given effective 
load in kilowatts, it is evident that the distribution costs are 
correspondingly increased. The problem of providing good 
voltage regulation also is likely to become difBLcult. Where a 
considerable amount of unity power factor load is included, such 
as that taken by ovens, the resulting power factor of the load as a 
whole is higher. Low power factor may be economically raised 
to a reasonable value in some cases by the addition of static or 
synchronous condensers or the use of a certain amount of syn¬ 
chronous motor capacity operated at leading power factor. 

Load factor for power loads, i.e., large loads or groups is usually 
high due to long hours of daily use and small seasonal variation 
compared with lighting load. Figure 28 is a yearly load curve 
for power fotmd on one system. 

The growth of power load in any particular locality is very hard 
to foretell. It usually occurs in fairly large jumps due to the 
addition of new customers or material increase in capacity by old 
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customers rather than gradually. The load drawn hy p<»wfr 
customers reflects to considerable extent general huHlnew c<indi- 
tions, somewhat more so than commercial or reHitienets h>a<l. 

Power IS quite commonly supplied at 230 volts, thrc'e-plmse, 
although in some places two-phase is still used, especijilly for 
flmflTi power loads. For larger customers, 440 volts is also tjuite 
often used. Large customers are sometimes supplied at primary 
voltage (2,300, 4,000, 4,800, 6,600 volts, etc.) and sonietim<*K, in 
the case of extremely large loads, the supply may be economically 
given at voltages in the transmii^ion class. 

Close voltage regulation for power loads is not so essentia! as for 
lighting unless the lighting combined with the power is such as lo 

too 

80 
TS 

§ 60 
— i 

40 


Jan. Feb. Mar Apn May June July Aug Sept Oct Nov. Dec. 
Pio. 28 —Typical yearly power load on ayatem. 



demand it or unless particular types of apparatus used require 
dose liimts. Motors are generally guaranteed for satisfactory 
operation at 10 per cent plus or minus rated voltage so, althou^ 
such a range is not recommended, a wider range than is usual for 
li ghtl y is justified. For this reason it is sometimes advan¬ 
tageous to cany major power load on feedbrs entirely separate 
from characteristic lighting load. 

Farm Ix>ad.—^Bural eleotrificaiion has been inoreadng very 
rapidly of late. Along with the (itevelopment of facilities for 
giving the farmer electric service has gone the stimulation of the 
use of the service by the farmer—^his education as to the poesi- 
bilities of greater use of electric power in farm operation. The 
well-equipped farmer may have an electric range and the other 
usual appliances in his house, water eyetem, feed grinder, hay 
hoist, milker, general service motor, etc. In some looaliiies the 
irrigation pump load is a primary factor. The use of electricity 
by the farmer is in such a stage of development at present that a 
definite estimate of what the averai^ load may be is impossible. 




LOADS AND THEIR CHARACTERISTICS 


59 


For lines where the service is tised largely for lighting, the group 
demand will probably be not over 160 to 200 watts per customer. 
Where electric ranges are the rule, an average of 1 kw. per cus¬ 
tomer may be expected (following the rtiles given above for range 
load). Other appliance and motor load may increase this 
demand considerably but the diversity in use of such equipment 
is high. Also it will be a rare case where every customer will be 
fully equipped Probably an average of 3 kw. per customer 
would be found on some of the higher class districts but more 
than that would be experienced only in special cases. Naturally, 
there will be such special cases in various parts of the country and 
with special types of customers (such as irrigation districts). 
The demand of the individual customer, of course, will depend on 
his equipment. The ordinary small farm equipped with a range 
and a fair amount of motors will probably have a demand of the 
order of 5 kw. Larger farms with more and special equipment 
may run considerably higher. 

System Load.—The load on any S 3 rstem as a whole or a large 
section of it, such as that fed by a large substation, is, of course, 
made up of the sum of all the different types of loads earned, 
which are discussed above. In the larger cities, the power load 
generally predominates and creates the average daily peak at 
either mid-moming or mid-aftemoon. The yearly peak usually 
is due to an imusual combination of lighting and power on a dark 
day in winter. There is sufficient diversity between the various 
component parts of the load, however, so that the yearly peak is 
rarely equal to the sum of the peaks for lighting, power, street 
railway, etc. separately. Figures for diversity between lines out 
of a substation and between loads on substations are more or 
less indeterminate depending on local conditions. The following 
may be considered as characteristic but not necessarily typical: 

Between lines of similar characteristics (lighting, 

power, combined, etc.). .... 115 

Between lines of different characteristics (general 

diversified load). . 1.5to3 

■Between substations (general diversified load). 1 1 

Figures 29 and 30 illustrate typical diversification of load on two 
types of substations. 

System load factor on a diversified system will usually be high, 
depending, of course, on the amount of diversification and rela- 
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FzG* 29.—Typical actual divenaified load on a city aubatatioti. Fairly lisrice 

proportion of lighting load. 
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tive sizes of various loads. Figure 31 shows a yearly load curve 
from such a system, indicating relatively small seasonal variation. 
The load factor on such a system may be of the order of 75 per 
cent daily and 55 per cent yearly (30-min- maximum). 

The growth of system load is a study in itself and one which is 
of great benefit, indeed practically essential in the making of 

74-0 

700 
T5 

g 160 

170 


Jan Feb. Mar. Apr May June July Aug Sept. Oct Nov 
Fro 31-—Typical yearly total load on system. 

future plans for the distribution system. This system should be 
projected, in its main features at least, 4 or 5 years in advance 
and this can only be done mteUigently by a study of the probable 
future load. Such a study must include past tendencies (a con¬ 
tinuous load curve for total load, power load, lighting load, etc., 
is helpful) general business conditions, records of employment 
of men in the industries, building statistics, and also a liberal 
but not uncontrolled use of the imagination 





CHAPTEli, V 


,;rypEs of distribution systems 

There axe several different ways in which diatribution ayatems 
may be classified according io certain outstanding charactoriatics. 
They may, for example, be grouped according to frequency, or 
number of phases (if alternating current), or voltage, or general 
schemes of arrangement of lines whether overhead or underground, 
urban or rural, etc. 

In some of these classifications, such as overhead and under* 
ground, or rural and urban, the different types correspond more or 
less to the different tsrpes of load served and examples of several 
or all of these types will naturally be found on the same system 
in many cases, especially on the larger systems. ,/Othcr classifica¬ 
tions, such as by frequency, voltage, etc,, apply more to the distri¬ 
bution system as a whole, and, as a general rule, the fewer different 
types, according to any such classification, found on any one 
system, the better. • 

The most important of these classifications will be taken up and 
the characteristics, advantages, and disadvantages ot the chief 
types included in each will be discussed. 

Direct or Alterna t i ng Current .—Direct Currenf.—•'The first 
form in which electric current was used practicably for electric 
lighting and power was as direct current. For this reason. In 
nearly all of the larger citi^ of this country such as New York, 
Philadelphia, Chicago, X>etroit, Cleveland, Brooklyn, etc. there 
will be found at least a nucleus of direef^urrent distribution. 
This usually occurs in the central downtown section where w-n 
electrical distribution system was first introduced and where 
the load is now heavily concentrated. Also in such 
a high, degree of service reliability is usually demanded. 

Variable speed control is, as a rule, more ea^y obtainable with 
direct-current motors than with alternating eurxent “"d is 
an important requirement for certain loads such as elevators, 
printing presses, etc. This has been one large contributing 
factor to the demand for the retention of dizeot-eurrent distribu- 
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tion in districts where it was already installed even though the 
area thus served were not to be extended. Alternating-current 
equipment for such purposes, however, has now been developed 
to such a point that there is not the necessity for direct current 
that there was formerly. 

The chief advantage of a direct-current system as a system of 
electrical distribution has probably been in the possibility of 
maintaining continuous service on it under adverse conditions 
which would have caused an interruption to the ordinary alternat¬ 
ing-current system, such as the failure of a feeder or a substation 
or even of a generating plant for a short period of time. This 
has been accomplished by the use of a network system of lines 
and by the location of storage-battery reserve at certain strategic 
points on the network. The network system provided against 
interruption of service due to the failure of any one or even 
several feeders. The storage-battery reserve carried the load 
for a certain time even in case of the total failure of a substation 
or of a generating plant, enabling normal service to be quickly 
restored in nearly any case excepting the failure of all or a major 
portion of the total system of power supply. 

The use of storage batteries also has the further advantage 
that sharp load peaks of short duration can be carried by them 
without throwing this additional demand on the generating 
equipment. 

The chief disadvantages of direct-current distribution are i 
its relative inflexibility and its higher cost. Where the power! 
is generated as alternating current, which is the case in all systems 
of any considerable size, the direct-current load must be served 
by converting the altemating-cmrent power to direct current 
by rotating machinery and distributing it at low voltage, 
240 volts, ordinarily. Additional loads of any size necessitate 
an increase in this rotating machinery, the substation space to 
accommodate it, and the low-voltage feeders. These increases 
as a rule require considerably more work and expense than the 
increase necessary in an alternating-current system for a similar 
load increase. Hence the relative inflexibility. 

As to the relative cost of direct-current and alternating-current 
service for the same load, authorities disagree, and it no doubt 
depends entirely on the governing conditions. There is probably 
not much question that the alternating current would be cheaper 
if the element of service reliability could be ignored. For serving 
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a load largely residential and lai^ly overhead, where the con¬ 
tinuity of service rendered by the direct-current network with 
storage-battery reserve is not so essential as it is for some other 
types of load, it has been figured that the direct current costs 
from 25 to 30 per cent more than the alternating current. This 
is due to the larger investment in substations, rotating machinery, 
etc. and the energy losses in conversion and low-volta#^ distribu¬ 
tion to the network, the alternating current system enabling 
transformers to be located near the load and to be served at 
hjigher voltage. 

Where a high degree of reliability of service is required, however, 
something more than the ordinary radial alternating-current 
system becomes necessary to enable a comparison to be made 
with direct current on the basis of equivalent service.'^The 
alternating-current multiple-feed low-voltage networks, with 
automatic protection on each transformer, appear to offer a 
solution to the problem of providing an alternating-current 
system of distribution with a high degree of neliability for serving 
a large group of customers or a district. There is still no equiva¬ 
lent to the direct-current, storage-battery reserve, but on a 
large system with several sources of main supply all of which 
are not likely to fail at the same time, it seems probable that 
the alternating-current network, will give a satisfactory degree 
of assurance of service continuity in most cases. As to the cost 
of the alternating-current network, comparative studies msdft by 
several authorities indi^te that even with the apacial provisions 
necessary for maintaining continuous service, the altemating- 
euirent system, if properly des^ned, has the advantage In cost 
over the direct-current in addition to its advantage in flexibility, 
.^e design of these networks will be taken up in Chap. VII. 

It should not be inferred from the above tl» #t it is always an 
econmmeal proposailon to change cfTw an ohl Bwfa*.KH«hyd direet- 
current gystem to fidtesmaring-current operation. In 
such a changeover, tih^te are aeveral diffiMtlea and coata to be 
encountered wbieh may offset all the advantage The 

distribution lines must be more or leas rebuilt, primary jfeeders 
maim rmstalled, and transformer looailoiia In a dd l- 

tion, the customers’^ direct-current motors aad other equi{»aient 
must be replaced with altematiiig-eu3rrent motors a*>d equitmient. 
Where there is power load, the customors’ wiring must be revised 
to separate the power and light rircuite, if ptflyphaae power is 
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used. One of the largest costs of such a changeover has been 
found to be due to apparatus and equipment of a special nature 
which have to be replaced by other similar special equipment 
instead of by standard apparatus. Added to all this, the opera¬ 
tion of actually cutting over the system from one kind of service 
to the other without involving interruptions of undue length, 
IS likely to be quite a problem. These difficulties are not insur¬ 
mountable but are things which must be reckoned with in con¬ 
sidering such a cutover. On the other hand, there are some 
advantages gained besides the introduction of a moire flexible 
system, which can be more easily adapted to future load increase. ‘ 
Usually, there is possible the salvaging of a considerable amount 
of substation space and equipment, large cables and duct space 
in underground conduits (which may or may not be useful on 
the alternating-current system). It is probable that in most 
cases a direct-current system which is adequate for the load 
carried and for a reasonable amount of increase cannot be 
changed over to alternating current with any great amount of 
economy, if any. For a ss^stem which is overloaded, however, 
and requires immediate additions in substation and feeder 
capacity, there very often will be a real saving in making this 
change, even with the considerable expense involved as indicated 
above. A careful survey of any particular situation for which 
such a change is proposed should be made, including a detailed 
investigation of the customer’s equipment, and wiring changes 
involved. 

In some cases a changeover from dirdct current to alternating 
current has been made gradually, the alternating-current system 
being built in, paralleling the <^ect current, ’to carry new load, 
increases in load, and such transfers as can be readily made. This 
is a much cheaper method of accomplishing the result, as the 
dhect-current load gradually drops off without a large expense 
for changes in equipment. It involves a considerable amount of 
confusion, however, in having two different types of service in 
the same area. 

Altemixting Current .—^By far the greater amount of electric 
power used in this country is generated and distributed as alter¬ 
nating current. This is due largely to the fact that it can be 
generate^ at a comparatively low voltage, which can then be 
stepped up by a transformer (which is an extremely efficient 
machine) to a high voltage and the power transmitted over long 
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distances, if desired, with comparatively suuill curr«‘nt>. and 
hence small losses. The voltage can then be stepped <low« by a 
transformer to an intermediate voltage for distrlljution anti finally 
stepped down by more transformers to a utilimtion voitngt* tit 
or near the point of utilization. Such voltage ImnsformationK 
with direct current would be very cumbersome, if possible at 
all, with the present-day apparatus available, and without them 
the long-distance transmission and distribution is out of the 
question. Direct-current transmission at high voltage an<i dis¬ 
tribution at intermediate voltage, similar to the alternating- 
current systems now in use, would have marked advantages on 
account of the elimination of voltage drop due to inductive react¬ 
ance, but at present no simple device like the transformer is 
available for use on direct current. Whether the developments 
in vacuum tubes and other devices will eventually produce such a 
device for general practical use remains to be seen. 

Frequency.—^The frequency most generally used in this coun¬ 
try is 60 cycles, i.e., the voltage, and hence the current, passes 
through a complete cycle from 0 to maximum in one direction 
to 0 to maximum in the other direction, to 0, 60 times in 1 sec. 
Sixty-cycle current is well adapted for use in lighting since the 
alternations are frequent enough to that no flicker Is apparent to 
the eye with the ordinary lamps in use. Zt is also well adapted for 
motors. Probably the greater majority of power companies use 
tlw one frequency, 60 cycles, for both lighting and power servioe. 

The other frequency most often encountered is 26 cycles. This 
frequency is also used for lighting in some placm, but is slow 
enough so that there is a quite perceptible flicker. Those using it 
constantly become*hccustomed to this but it is very noticeable 
to one who is used to 60-cycle illumination. The u»e of 26 cycles 
has certaan advantage in transmissioa and distribution in that 
the inductive reactance is less, being proportional to the fre¬ 
quency, and the motors used are inherently of lower speexi. 
Some companies make quite geueral use of 26 cycles for power 
loads and for tra n s mi s s ion, even where 60 cycles is used for light- 
ing, employing frequency chan^rs where it is necessary to change 
from one frequency to the other. 

O^er frequencies vrill be found here and there but they may bo 
considered as exceptional j the 60 and 26 cycles being quite gener¬ 
ally accepted stmidards. Foreign practice diflers in that 60 
cycles is the standard rather than 60. 
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Phase Relations.—With the introduction of alternating current 
there came the possibility of combining two or more circuits, 
similar except as to phase relations, % e, with a time differential 
between similar points in their voltage and current cycles, into 
one composite polyphase circmt, with a resultant decrease in 
total current and hence in losses and voltage drop. 

Single-^phase Ctrcmts .—The single-phase circuit is similar to 
the direct-current circuit in nearly all respects except the alterna¬ 
tion of voltage and current flow. This is the oldest form of 
alternating-current circuit and is used almost universally for 
lighting, small and medium-sized heating devices, and small 
motors (1 hp. and less) Hence, on any distribution S 3 rstem, the 
final step before reaching the point of utihzation, for all but poly¬ 
phase power loads, is a single-phase system, usually of the order of 
115 volts. Two or more such circuits are nearly always combined 
into a 230-volt, single-phase circuit at or very near the point of 
utilization, and this, in turn, is usually combined into a poly¬ 
phase system, sometimes in the service itself, sometimes on the 
secondary, sometimes in the primary feeder, and sometimes even 
back as far as the substation. In other words, due to its economy, 
polyphase transmission of energy is almost universally used as 
far as the substation and, in the majority of cases, at least as far 
as the primary feeder centers. In some cases, single-phase feeders 
out of the substation have been used, but in most such cases, 
cutover to the three-phase feeder system has been or is being 
made. Beyond the feeder center, single-phase primary branches 
for residence load are usual, but in some cases, especially where 
the load is a combination of power and hghting, polyphase dis¬ 
tribution up to the customer has been used tcngood effect. This 
will be further discussed under the subject.of combined light and 
power secondaries. Chap. VII. For distinctively power loads, 
of course, polyphase distribution up to the load is most often used. 

Two-phase Circuits .—^The combination of two single-phase 
circuits at a 90-deg. phase relation into one two-phase circuit 
effects some economy and has been used to some extent. Its 
use has been far outdistanced by the three-phase, however, and 
is now largely confined to those systems or portions of systems 
where it grew to considerable magnitude before the three-phase 
became so universally popular. Transformation from three- 
phase to two-phase is a fairly simple and economical matter and 
there is probably little or no advantage in changing over an estab- 
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lished two-phase distribution system to three-phaso. Where 
only small a mounts of two-phase loads are found in lar/i;e, three- 
phase systems it may be economical, as a matter of standardiza¬ 
tion, to change them over and this has often been done. On the 
other hand, in at least two large cities, the two-phaso secondary 
system is being extended, especially for secondaiy networks, as 



Ca) Four Wire 




6:1} Five Wire 

Ite. 82 . —Two-piwM efrooltc CwocNMiajry). 

it 8i»iws some marked advantage when need with a oombtxmd 
li^t end power Ev«a in these oases, however, three- 

phase is used for tmtsmiselon and primary dhrtribntion. 

Xwo-phase distribution <^rouits appear in sevwral different 
forms. The fow-wire oireuit is essentially a group of two 
separate, two-wire, single-phase eircuJitB whose voltages are 90 
deg. out of phase with each other, Big. 82(a). These dreuits, if 
used for secondaries, will usudly have a voltage between wires 
of the order of 115 volts (with one side grounded as a irule), oarry- 
ing single-phase loads on both oiroaits and 115-volt polyidiase 
loads by a combination of the two. They are probaMy more 
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often used in this way for wiring within a service than for 
distribution. 

If one side of one of these two-wire circuits is connected to one 
side of the other, the currents in the two wires thus tied together 
will combine, and since they are 90 deg. out of phase with each 
other, the resultant current will be -\/2 tunes the former current 
in either. One of these wires may then be omitted, thus forming 
a three-wire, two-phase circuit. Fig. 32(6), in which one wire 
carries 1.41 times as much current as the other two. This com¬ 
mon phase is ordinarily grounded for secondaries. The voltage 
between it and each of the other wires is of the order of 115, while 
that between the other wires themselves is 1.41 times as much. 
This three-wire circuit is the one most commonly used for two- 
phase primaries. 

Another four-wire circuit may be obtained as shown in Fig. 
32(c), In this case, one side forms a three-wire, single-phase 
circmt, with the middle wire grounded, carrying the single-phase 
load. A “teaser” wire is run for the other phase (at 230 volts) 
to carry jiolyphase loads. 

The five-wire circuit shown in Fig. 32(d) consists essentially of 
two three-wire, single-phase circuits with the middle wires tied 
together and combined into one wire and grounded. Single¬ 
phase loads are connected between the grounded wire and any of 
the other four-phase wires at 116 volts. Two hundred thirty- 
voltf two-phase motors are connected to the four outside wires 
This is the most efficient of all the two-phase circuits and is the 
one used for heavy, general-purpose secondarys, such as alternat¬ 
ing-current secondary networks, where two-phase is employed. 
It has also been used to some extent for primary feeders, but 
for this purpose has the drawback of tying up a considerable 
amount of load on one circuit. 

Three-phase Circuits. —Three-phase circuits are the most com¬ 
monly used of all for transmission and primary distribution and 
also for secondary distribution to power loads. Essentially, a 
three-phase circuit may be thought of as consisting of three 
single-phase circuits whose voltages are 120 deg. out of phase with 
each other. If one side of each of these three circuits (assuming 
them to be equally balanced) is tied in to a common conductor, 
the r^ultant current in that conductor, being the sum of the 
three component currents, wiU be 0. Hence the common con¬ 
ductor may be omitted. 
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The three-wire, three-phase circuit thus forminl, FiK, m, is the 
one commonly used for transmission and for «ccon<iiwy distri¬ 
bution to three-phase motors and quite largely for primary tlis- 
tribution also. Single-phase loads are connect etl Ijetween 
two-phase wires. Three-phase loads may be similarly connected 
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Trans. Trans Trans Delta Star (Y) 

Fio. 33.—Threo-phase circuit, three-win? primary. 


(in delta) or may be connected from phase wires to a common neu¬ 
tral point (star or Y). It is preferable to have the load on the 
three-phase circuit balanced as nearly as possible, but unbalanced 
load may be carried with, of course, an attendant unbalancing 
of voltage. 

A four-wire circuit based on the three-wire or delta system is 
sometimes used for secondaries to serve combined three-phase 



(b) Star 

F*o, 84.—-Three-phase circuit: four-wire (aeeondery), 

and single-phase load Fig. 34(o). The fourth wire is brought out 
from the middle point of one of the phases and grounded. Ail the 
shiglo-phase load is connected on this phase, the three-phase 
load being coimeoted as usual in delta on all throe phases. This 
circuit will be discussed further in Chap. VII under ** Combined 
Secondaries. ” 
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The four-wire, Y-coimected system, Fig 34(h), is quite com¬ 
monly used for primary circuits and also for combined secondaries. 
It consists of the combination of the three-single-phase circuits 
described in the first paragraph of this section, with the common 
or neutral conductor retained. When the load is not equally 
balanced among the three component circuits, the neutral con¬ 
ductor will carry current, i.e., the vector sum of the three-phase 
currents. In this system, the voltage between phase wires is 
-y/S times that from phase to neutral. Single-phase load is 
usually connected between phase wire and neutral; single-phase 
branches from a four-wire, three-phase feeder are also usually so 
connected, since the phase to neutral voltage as a rule corre¬ 
sponds to a standard single-phase transformer voltage (2,300 volts 
is the most commonly used). Single-phase load or branches 
could be connected between phase wires at the higher voltage 
but this not usual on accoimt of the odd voltage (if phase to 
neutral is standard). If this practise is desired, the neutral wire 
IS of no use and the three-wire circuit is the more advantageous. 
Three-phase loads on primary circuits are generally connected 
in Y (phase to neutral). Where the system is used for second¬ 
aries, however, motor loads are connected in delta or between 
phase wires. The odd ratio between the phase-to-neutral and 
phase-to-phase voltages (-y/S) requires a non-standard (at pres¬ 
ent) voltage to be used for one or the other, or both. This gives 
rise to certain complications which are discussed further in Chap 
VII under “Combined Secondaries." 

For primary four-wire circuits the 2,300/4,000-volt combination 
is most often employed. This is taken up in some detail in Chap. 
VI. 4,600/8,000 volts and 6,600/11,400 volts have also been 
used to some extent. 

COMPARISON BETWEEN VARIOUS TTPES OF S7STEMS 
CLASSIFIED AS TO PHASE RELATIONS 

Table IV gives a comparison on a ratio basis between the var¬ 
ious types of systems commonly used. The comparison between 
amounts of copper ui^d are based on the assumption of the same 
size of conductor in each case. This must be considered in con¬ 
nection with, the corresponding line loss as indicated in the figures 
for loss ratio and copper ratio. The latter gives the best basis of 
comparison, sdnce copper sizes may be varied for the different 
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types with corresponding changes in losses, but the relative value 
of the product of loss ratio and copper ratio remains the same. 




t 

£ 


1. Wire 


£ 


£ 


3 Wire 

.Single Phase or 
D C. 


£ 




3 Wfre^ 




£ 

I 




A Wire 



6 Wire 
Two Phase 



3 Wire 


S 

S 


“T 

£ 


4 Wire 
Three Phase 


Fio. 35o.—Aooompanying Table TV. Voltage to neutral the same. 


The comparison between line loss is made on two different bases 
(o) with the voltage to neutral the same in each case (except for 



Fta. 3^.—Aooomptmylng Table IV. Maximum voltage between wires the 

same. 


three-phase, three-wire, for which the voltage between phases is 
assumed the same as that from phase to neutral in the other 
t 3 rpe 8 ). Mgure 35(a) illustrates the comparison. 
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(b) With the maximum voltage between wircH the name in each 
case, Fig. 35(6). 

In using these comparisons, the conditions must be thoroughly 
understood. For three-wire, single-phase, the voltage ln'twcon 
outside wires is twice the voltage to neutral while for two-phase, 
three-wire, the voltage between outside wires is only 1.41 timers 
the voltage to neutral; for three-phase, four-wire, 1.73 times, etc. 
Hence, if these are compared on the basis of the situie voltage to 
neutral, the single-phase, three-wire has somewhat the iulvnntag<>. 
It may often happen that the maximum voltage Ijctwcnm wires 
IS a limiting factor, in which case the basis of comparison given 
in (6), i.e., with maximum voltage between wires the same, is 
more representative. This shows a marked advantage for three- 
phase, three-wire. 

For a numerical example, assuming 2,300 volts to neutral, the 
corresponding circuit voltages under (a) would be 

Volte 

Single-phase, three-wire .. 4,600 

Two-phase, three-wire.2,300 

Two-phase, five-wire ... 4,600 (between oiitsideN) 

Three-phase, three-wire. 2,300 (between phaiwe) 

Three-phase, four-wire. 4,(XX) (between phaacs) 

This is somewhat unfair to the three-wire, three-phase for which 
a voltage of 4,6(X) volts between phases would bo more compar¬ 
able. From the table it appears that under condition (a), the 
five-wire, two-phase circuits is the most advantageous while 
under condition (6), the three-phase, three-wire has the advanti^pe 
over all others. 

When secondaries are considered, the voltage to ground is 
likely to be more often the govemio* factor. Even here, how¬ 
ever, a two-phase or three-phase secondary with the midpoint 
of one-phase grounded may be used rather than a two-phase, 
three-wire with the common wire grounded or a three-phase, four- 
wire with the neutral grounded. In such case, condition (6) 
of the table sAiould be used rather than condition (a) for 
comparison. 

It is interesting to note the comi^ratively anna H difference 
between the copper efficiency of sin^e-phase, three-wire and 
three-phase, four-wire as used for secondary distribution (one 
the other ^). When the additional pole space, insulators, 
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etc., for the foiirth wire is considered, it is doubtful if any 
economy could be shown for the three-phase system for carrying 
single-phase load only. Its advantage of course is in being able 
to carry three-phase power loads as well. 

Similarly, for the five-wire, two-phase system, for either pri¬ 
mary or secondary, if smaller wire is used for carrying the same 
load as would be carried on a single-phase circuit, for example, 
the pole space, etc. may become an important factor. If more 
load is earned p>er circuit with the same size of wire, the total load 
per circuit may become so large as to be imwieldy as a unit in a 
distribution system. 

The table shows very clearly the advantage of the three-wire, 
direct-current or single-phase, alternating-current system over a 
two-wire system. This is due, of course, to the fact that the 
circuit voltage is twice as great with only 50 per cent additional 
wire, even where all three wires are of the same size. 

Series Circuits .—The use of series circuits is confined almost 
entirely to street-lighting service. Direct-current senes circuits 
were formerly used quite extensively with are lights but these 
have been largely displaced by alternating-current circuits serving 
incandescent lamps. The multiple or constant-voltage system 
for street lighting is popular in some places and seems to be com¬ 
ing into somewhat greater favor as effective methods of control 
are devised but the series circuit is still by far the more commonly 
used for that purpose. The constant-current series circuit 
is simply one in which the current is held at a constant value, 
passing through all the lamps in series, and is controlled by vary¬ 
ing the voltage at the source by a variable voltage transformer. 
Series street-lighting circuits quite commonly carry current of 
the order of 6.6 amp. with voltages at the source running up to 
6,000 to 7,000 volts. (See Chap. IV for further details in regard 
to street-lighting load, and Chap. VIII for street-hghting 
circuits.) 

Overhead or Underground.—^While not essentially different 
in their chief electrical characteristics, overhead and underground 
distribution systems are very different in actual construction and 
serve quite different purposes- Underground distribution for 
light, and medium load densities is several times as expensive as 
overhead. Hence, it is usually impracticable to go to imder- 
ground to any great extent simply as a matter of beautification 
of our streets as is often urged by the iminitiated. If under- 
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ground distribution were universally required it would hamper 
the development of the electrical industry to a ^reat extent. 
The higher cost of serving such areas of low and inedsxim load 
density wovdd necessarily be reflected in rates and hen<?e t h<* growt h 
of utilization would be hampered. Extensions into tindc*velope«l 
territory would be out of the question in many cuh(*h. It is the 
general use of overhead lines, in spite of their coiapjirative 
which has permitted the enormous expansion wo 
have experienced in the electrical industry In this country. 

Underground distribution, however, has its place. Where 
traflac conditions are very congested it is sometimes extremely 
difficult to build and maintain overhead pole leads, find proper 
locations for transformers, etc. In such cases underground 
distribution becomes necessary in spite of the additional cost or 
it may even be cheaper. Also where very dense load is 
encountered it may be almost impossible to carry sufficient wires 
on overhead poles to serve it. The number and size of conductors 
in undergroimd is only limited by the number and size of ducts 
which may be installed, and the possible load density per 1,000 
ft. of street or alley is very much higher than with overhead. 
One very common use for underground is in bringing out lines 
from substations to overhead at some distance, to relieve the 
congestion around the substationus. 

While an undei^round system is not subject to damage due to 
storm conditions, traffic, etc., on the other hand, when trouble 
does occur, it is mudh more diffiicult to locate and repair tlmu on 
the overhe$Ml. For this reason extra provirions for nnaintaining 
servioe, such as throwover lines, networks, etc., are much more 
necessary on an underground syi^m. Also the lesser ability for 
heat ra<^tion in an underground s y s te m limits the possible load 
and overload whidh can be carried much more eo than la the case 
with ovediead. 

UrtMm and Rursl.—^Tfaere is no sharp dividing line between dUh 
tribuMon systems whidh might be called urlMn and thoee which 
mi^t be called mmd. In the vicinity a large city, the load 
density, in general, tapers of! more car less graduidly from a very 
hi|^ density at the oentmr of the dity to a very low density in the 
outilying rural districts at some diarfMmce. In between, the load, 
and hence the distribu^n system best adapted to serve it, may 
pass throng several variations. In general it mig^t bd sidd, 
however, that urban distribution, as such, oontemplatea the 
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carrying of fairly heavy loads at comparatively short distances, 
while typically rural distribution is that which carrys compara¬ 
tively light loads at quite long distances. For example, a typical 
city residence load might be 1,000 or 1,200 kv-a. on a single 
feeder all in an area of 24 city blocks or square mile, with the 
feeder possibly not over H mile long. On the other hand, true 
rural distribution might possibly serve a load of not more than 
four customers per mile along a road for 10 or 15 miles with a 
total load of not over 25 or 30 kv-a. 

In urban distribution, the factors of close voltage regulation 
and maintenance of continuous service without interruptions are 
likely to be very important ones. Also, careful consideration of 
the most economical arrangement of hnes, conductor sizes, 
methods of operation, etc. are well warranted since with the 
heavy loads involved, a comparatively small percentage of saving 
in operating expense means a considerable total amount saved. 

On typically rural lines, on the other hand, the chief requisite is 
likely to be as low first cost as can be had commensurate with 
satisfactory operating condition. Mechanical strength is usually 
of more importance as a criterion of design than electrical con¬ 
ductivity. The character of the load and its location usually 
allows somewhat more leeway in the matter of voltage regulation 
and allowable outages than city conditions. Higher voltage on 
the primary lines than would be considered good practice in con¬ 
gested urban territory may sometimes be allowable. Appearance 
of the lines is not so important and allows possibly a cheaper 
grade of poles to be used and less attention to grading the lines, 
etc. Necessary clearances above ground are usually less, making 
shorter poles satisfactory. As a rule, the typical rural lines will 
be constructed on fairly short poles, at comparatively long spans, 
with wire size as small as is commensurate with the necessary 
mechanical strength and voltage as high as may be economically 
used. 
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PRIMARY mSTRlBTTTIOJSr 

The whole system for the distribution of electricnl enerjcy front 
the generators to the ultimate consumers may be divided, as a 
rule, into several quite distinct parts. While these parts are 
more or less interrelated and interdependent in their ilesign, they 
may be more easily oonsidered individually. Figure 36 illustrates 
this division of a typical system. All s 3 rstems, of course, do not 
include all the parts shown, some omit the primary transmission, 
for example. Others distribute directly at generator voltage. 



Also, some customers may take their servioe at trcuoismission or 
primary voltage- In general, however, the subdivisions shown 
are typical of the lai^ system. 

With that part of the system from A to B, Fig, 36, wo are not 
so directly concerned in this book, as this part lies within the 
province of the generating asod transsmisidon systems whereas 
here we are dealing more p^ieularly with distribution from the 
substation to the customer. That is not to say, however, that 
in planning that part, the requirements of the distribution system 
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may be overlooked To accomplish the most efficient and 
economical design for the system as a whole, all of its parts 
must be considered not only individually, but also in their relation 
to other parts. 

In dealing with the distribution system in its more limited 
sense, two rather natural subdivisions are evident. The first 
may be designated as primary dzstrihvtion and includes the con¬ 
sideration of those lines and equipment which carry the load at 
higher than utilization voltage from the source (substation) to 
the point where the voltage is stepped down to the value at which 
it is utilized by the customer. The second subdivision may be 
called secondary distribution, comprising that part of the system 
operating at utilization voltage, up to the customer’s meter. 
From that point to the customer’s point of utilization, i.e., lamps, 
motors, etc., the wiring system may be considered as customer’s 
wiring and is not, as a rule, the particular concern of the power 
company. Primary distribuiion will be especially considered in 
this chapter, secondary distrihviton in the chapter following. 
Before going to the discussion of primary distribution as 
such, a few words will be said concerning the importance of the 
proper location of substations in its relation to the distribution 
system. 

Substation Location.—^The location of substations is a very 
important factor in the design of the distribution system. In 
general, the higher the distribution voltage, the farther apart 
substations may be located. Hence, where the choice of voltages 
is not restricted by other considerations, a study to determine 
the most economical voltage must include substation costs and 
transmission costs as well as cost of primary feeders, mains, and 
transformers. Where the voltage is established, a study of 
substation spacing and location with respect to the load concen¬ 
tration will often repay the effort extended, by producing sub¬ 
stantial eeononliM. In general, the following considerations 
should be met in locating a substation. 

1 . To locate the substation as close as practicable to the 
heaviest part of the load to be served or the load center, i.e., so 
that the summation of load times distance from the substation 
will be a minimum.t 

2. To locate the substation at such a point that all prospective 
loads may be conveniently reached without undue voltage regula¬ 
tion and with the standard equipment available 
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3. To choose a location which will allow convenient ucocf» for 
incoming transmission lines and outgoing distribution lines, also 
anticipating a reasonable amount of growth. 

4. To choose a location which will allow a reasonable amount of 
expansion of the substation. 

5. To choose a site where property restrictions zoning laws, 
etc., will allow that character of building and where its erection 
and operation will not be a source of complaint from suirounding 
property holders. 

6. To keep the load on the station within such limits that an 
undue amount of area or number of customers will not bo affected 
by a shutdown of the station if such should occur. 

7. Other general considerations such as location relative to 
other substations, adaptability to a general plan of distribution 
both present and future, facility for throwover of distribution 
circuits to lines from other stations in emergency, general de^ 
ability of site for a buildir^ location, etc. 

Arrangement of Primary Circuits.—^The type of primiury 
feeders radiating from the substation to feed altemating-current 
loads wiU depend very largely on the arrangement and eharafr* 
teristios of the load oarried. Sinoe on most 83 r 8 iem 8 several 
distinct types of load wiU usually be found, ordinarily eeveptl 
types of primary feeders wiU therefore be used, ainoe no one type 
is best adaptable to all (M>ndition8. 

Trunk and Branch .—^The simpleet form of feeder ia that which 
is sometimes called the '^truuk'^nd-branoh^* type. It leaves 
the substation and runs out along a certain road or street or in a 
certain general direction, picking up load aa it goes, by amaUer 
brandhes off the main stem. It may consist cff oiw main trunk 
with short latcnral branches along its whole length, or tlmre may be 
two or more ma i n branches. In any ease, the oharaoteitetiM df 
this type of cdrouit are that the aiea served has usually nowsli" 
defin^ boundaries, and the length of the primary friMca the 
substatimL to its extremittes is Umited only by the maximum 
regulation at the furthest customer. Hie latter depends, of 
course, ohiefiy on tibe voltiMge, load, and siae of wire, and Is 
restricted to certain braite by dtibor govermnental regulathm or 
good practice. Slgure 37 illimtrates such a lystem. 

This type of primaxy is best adapted to seattered loads, espe» 
cially smaE ones, and g^oeral dtstribution ot k>w load denai^ 
It Is generally used for smaller towns and rural diatrilmtioa aai'" 
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in larger cities, for power lines when power loads are carried on 
circuits separate from those used for general distribution. Usu¬ 
ally the size of conductor used in the main trunk is larger than 
that in the branches, and it may be reduced somewhat as the 
trunk gets farther away from the substation, on account of the 
smaller load carried. For a rapidly growing system, however, 
it is sometimes well to carry the main feeder through at a fairly 
good size to allow for increase in load and facilitate dividing the 
load later on. In fact, for such a system it is well to have in mmd 
an eventual plan for distribution to serve the area when it is 
well developed and to have that plan in mind when planning all 
parts of the circuit. The sizes of wire to be used for this as well 



Fxo. 37.—Trunk and branch system: (a) one trunk; (b) branchine trunks. 


as all other types of cirouite should be determined by a study of 
voltage regulation and economy, both of which factors will be 
taken up in more detail later. 

On polyphase feeders, balance is maintained by tapping trans¬ 
formers and laterals off alternate phases along the line. Xraterals 
may be single-phase if the load carried on them is small, but 
should, as a rule, be changed to polyphase if any considerable 
pxopoirtion of the total load is carried thereon (or if polyphase 
service is required, of course). No definite rule can be given 
for this. Theoretically, the best condition is obtained by main- 
a uniform balance along the line rather than balancing 
in large blocks as, for esamj^, cozmecting the first third of the 
line on one phase, the seccmd third on the second phase, and the 
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last third on the third-phase. A rule for perfect balance is that 
the sum of the quantities obtained by multipl 3 ring each loiwi by 
its distance from the source (substation) shall l>c the same for 
each phase. 

SliOad X distance (phase 1) = S load X <liHtance (phiist* 2) 

= S load X distance fphase 8). 

Load increases are taken up by extension of the lines until the 
capacity of the feeder is reached, then by subdividing it lH*t ween 
two or more similar feeders. Eventually, if the load continues 
to increase, it may be necessary to run feeders out to some dis¬ 
tance from the substation before they begin to pick up load. 
This, however, then begins to simulate the second class to lie dis¬ 
cussed, i.e., feeder and main. 



Fi«. 38,—Feeder and nwin eystom (feeder* only). 


Feeder and Main .—Where the load served is of a fairly high 
density, as in the general distribution in the built-up dtotriota 
of a large town or city, it is usually advantageous to divide the 
territory served into distinct feeder areas, with fairly definite 
boundaries.^ Each area is fed by its own feeder running from 
the substation direct to the $uea, without picking un intervening 
load, and there tying into the primary mates of the area. This to 
lUu^rated by Fig. 38. The size of the area depends, of course, 
on the load density and the capacity of the feeder and substation 
equipment, both as to allowable current and also as to regulation 
over the distance from the substation. 

It is usually advantageous to choose one or two standard sizes 

# jfeeders, taking into account the density 
of load to be served, its probable growth, length of feeders, sub- 
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station size and arrangement (which, of course, depends in turn 
considerably on feeder size), and economical operation. Care 
should be taken to have the standard sizes of substation switches, 
regulators, etc., underground 
spond so that there will not 
be excess unusable capacity in 
any section of the circiut. 

Polyphase feeders are usu¬ 
ally used on account of the 
greater economy of copper, 
the load being balanced 
among the phases, on the 
primary mains. 

In the area served, the 
primary mains may be laid 
out in any one of several 
various arrangements accord¬ 
ing to the topography and 
arrangement of load. The simplest form is that of a main 
bus with laterals branching to individual transformers. Fig. 39 
In case the secondaries are not tied together into banks (see Chap. 
VII), transformers and single-phase laterals may be balanced 
alternately on the various phases along the bus and polyphase 

laterals. It is often preferable 
to have a primary ring or net¬ 
work instead of the single bus, 
if phsrsical conditions permit. 
An example of this is shown 
in Fig. 40 for a three-phase 
circuit. In this case the main 
ring and cross-tie are three- 
phase, with single-phase or 
three-phase laterals as neces¬ 
sary- The area is shown 
divided into three phase- 
areas with all the single-phase 
load in any one area on the 
same phase. This is neoessaiy if the secondaries in each area are 
banked. If such banks are too large, six areas may be used instead 
of three (or possibly five areas with one larger than the rest, etc.). 
If the secondaries are not banked, no phase-area division is neces- 



cable, and overhead hnes corre- 

Clrcu/f bounofary 



Fia. 39.—Straight bus. 
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sary and the load may be more easily balanced by connectinR 
alternate transformers on different phases. 

Another method of providing primary rings is shown in Fig. 41 
where a rrmiTi three-phase bus is used with individual single-phase 
rings in each phase area, a sort of combination of the ideas illus¬ 
trated in Figs. 39 and 40. The advantages of using the primary 
ring instead of the straight bus is that, in case of a break in the 
TTinin primary ring, no service may be interrupted, except perhapw 
for a short period, while with the straight bus, a break in that 

bus cuts off the service to the 
area beyond the break until 
the bus is repaired. Where 
secondaries are banked, the 
ring is also of advante^ in 
that the primary is always 
live and is handled as such, 
whereas with the straight bus, 
in case of a break in the bus, 
the primary beyond the break 
might be assumed to be dead 
by men working on it, whereas 
it would in reality be kept 
live by feed back from the 
secondary. 

In any of the above cases, the main bus or the ring should ordi¬ 
narily be of larger sized conductor than the laterals—for example. 
No. 2 or No. 0 ring with No. 6 laterals. In laying out such cir¬ 
cuits, thou^t should always be given to the poaribilitiee of 
revamping the system when necessary as the load inereaaee. The 
original layout sIkiuM be suoh as to care for a reasonable number 
of years' increase without change, but in any district where the 
load is growing, and in most localitiee such is the ease, there comm 
a time when the feeders become overloaded and it is neoeeeary 
to run additional feeders and oimte additional feeder areas by 
cutting up the old ones. From this standpoint, the stndght bus 
layout with no phase-area division is the most aathtfactory as it 
can be easily resubdivided as shown in Fig. 42. However, the 
banking of secondaries is also of advantage and that advantage 
may outweigh the disadvantage of comparative inflexibiUty. 
An idealized layout redividing such an area from two-feeder to 
three-feeder service is shown on F^. 43. It involves the dividing 



Fio, 41.—Thr^phase etraight bus with 
mn^e-phase rings. 
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two of the phSiSe areaiS under the two-feeder plan to three- 
phase areas under the three-feeder plan. Obviously, it is usually 
very difficult to adapt any such simple layout to field conditions 
to any considerable extent. The dividing and redividing of 



fb) 

Fio. 42.—Redividing straight bus. (a) two feeders; Q>) three feeders. 


circuit areas is work that requires careful study of field conditions 
and application of a considerable amount of good judgment in 
laying out compact, well-defined areas, with the load well 



Fic. 48.—RedividizME bus and phase-areas, (a) two feeders; (jE») threefeederst 


balanced and still have the design flexible for future changes. It 
may be said that, for the phase-area type of layout, it is usually 
advantageous to allow, at the time it is laid out, for a longer 
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period of load increase than is necessary for the system without 
secondary banks or phase areas. 

Throwo-er or Emergency Connections .—Provision against inter¬ 
ruption to service in case of trouble on primary feeders or mains 
is always desirable, but the necessity and practicability of making 
such provision depend considerably on the type of load and type 
of circuits. For scattered load of hght density, throwover pro¬ 
visions, except possibly at the station end, are usually impracti¬ 
cable. For load of heavier density, especially where the “ fcoder- 
and-main” system is used, it is usually convenient to provide 
throwover points between feeders or between the primary mains 
of adjacent areas or both. Where the lines are all or part under¬ 
ground the desirability of effective emcrfpsncy throwover 
becomes more urgent. This is not because underground lines 
are more subject to interruption but because, if an interruption 
does occur, it is much more difiS.cuit to locate the trouble and 
repair it than with overhead lines. Overhead lines may bo 
rapidly patrolled and sectionalized if necessary and. If a break 
is found, it may require only a simple splice or the splicing in of a 
short section of wire to repair it. On underground, on the other 
hand, visual patrolling is impossible, scctionalizing is difficult 
if it involves cutting of cables, and splicing in a new section of 
cable in case of a fault is a comparatively long process. With 
the overhead, also, wires will often bum or fall clear in case of a 
break or a short circuit and although an interruption occurs, 
service may be restored by reclosing the circuit breaker. With 
underground, on the other hand, at primary voltage, a short cir¬ 
cuit will not ordinarily bum itself clear and the circuit is down 
until the trouble is located and repaired. 

A further advant^^ of having satisfaetoiy throwover is that 
the feeder may be shut down for maintenance work, reanwage- 
ment of circuits, etc., without it being necessary to interrupt the 
service. 

The degree of throwover protection required and the method of 
providing it are, of course, matters for oomideratlon in connection 
with the type and lequiremente of the load and the arrangement 
of circuits. For certain loads such as the heavy concentrated 
loads in downtown districts of large cities, consisting of hotels, 
theaters, large department stores, etc., «i interruption, even if 
of short duration is likely to be of serious consequenoe. For 
ordinary residence load, on the other hand, an oocarional short 
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interruption, while inconvenient, is not likely to be dangerous 
For the former case, methods for aviomai^cctlly maintaining or 
i*estonng service are required and must apply not only to primary 



• Cofb/e poJe o Feeehng poini" 

X Throwovar pom/ 


Pia 44.'—Tlirowover—spare feeder 


feeders and mains but also to transformers and secondaries. 
For this purpose, the direct-current networks or the alternating- 
current secondary network in some form are the best solutions. 
For the other case, 

where occasional C/mt/tbounofaiy\ ^^Sabs/etHon 


are consddered allow- j jUjl Pn 

able, it is usually Circuit . -Ijjji-. 

sufficient to provide |i 

throwover for the _ „ j.r^ ,_ 

feeders, especially if->4- 

they are underground Circuit , c. 

for part or all of their 

length. This may be - - . I ' u -J- 

done either by the 
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of a spare feeder with - Overhead tine x Throwover point 

throwover points to 45.-Throwovex^between axeas (primary 

several operating mams). 

feeders, all of which 

may be normally loaded to capacity, or by using all feeders 
as operating feeders but allowing enough reserve capacity 
in each to care for a certain share of the load of any feeder which 
may drop out. Figure 44 shows a typical example of the first 
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type. Figure 45 shows an idealized arrangement of the RCCon<i 
type, the primaries in each feeder area meeting and having throw- 
over possibilities to those of two adjacent areas. In this case, if 
effective throwover at peak load is provided, each feeder can be 
loaded at peak to only two-thirds of its capacity anti provision 
must be made for dividing the load of any faulty feeder lietween 
both the adjacent circuits. This method provities throwover for 
troubles on a greater proportion of the total length of feetier and 
rnffinp on any circuit than does the first. A combination of the 
two methods is also sometimes used whereby a spare throwover 

feeder is provided which can assume the 
peak load of any faulty feeder. Throw- 
over points between primary mains in 
adjacent areas are also provided and, 
although it would not be allowable to 
use these for carr 3 ring all the load of the 
faulty circuit at its peak, at any off- 
peak time they may be used, anti to 
good advantage in many cases. 

There are certain types of individual 
loacte, such as certain customers fed at 
primary voltage, whose requirements 
are of such a nature as to demand 
more than the ordinaiy protection 
against service interruption on the 
circuit feeding them but who are 
located in districts for which the general distribution load 
does not warrant extrabrdiixary throwover provisions. Such 
cases may be oared for by running an additional line to their serv¬ 
ice. This line may be a separate line from the substation, in 
case of lai^e power customers faaviz^ one or more separate operat¬ 
ing lines, or, for smaller customers, it nnay merely be a branch 
off a second power line. Throwover to the spare line may be 
aooomplished by switching arrangements of various sorts on the 
customer’s premises sueh as oil circuit breakers on each line. 
Included in this class of load is the type of eustomer such as s 
large apartment hoiue, a hotel, a theatenr, cdw., which is served 
by transformers ixustalled on the premises snd for wMeh the losd 
is too large to be tied in to the genersl distribution seoondsriss 
for the district. Sudh oases may be {provided for by use oi two 
incoming primary lines, with the transformers connected to either 
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oxxe or the other through a double-throw discozmectiug switch 
(or two separate interlocked switches may be used). Fuses 
may be used to open the circuit on short circuit thus relieving 
the duty on the switch. The double-throw or interlocking 
feature prevents the accidental typing together of the two 
lines. The throwover may be made automatic if desired. 
Figure 46 shows a diagram of such an installation. 

Loop Cvrcuits .—Another development of the reserve circuit 
scheme which is used to some extent is the “loop circuit ” Such 
a circuit is well adapted to serve a number of fairly large impor¬ 



tant customers at some distance apart. It also has been used 
for the primary feed in connection with alternating-current 
secondary networks. As the name implies, the circmt is 
in the form of a continuous loop, starting at the sub-station, 
passing through each of the transformer locations in turn, 
and retumix^ either to the same substation or to a different 
substation. Both substation ends are equipped with circuit 
breakers and circuit breakers are used at each transformer 
installation to seotionalize the loop in case of trouble. Figuires 
47 and 48 show two types of such installations. For individual 
customers not otherwise connected together the type shown in 
Fig. 47 is necessary, using three circuit breakers at each load pomt, 
one on the tap to the load and one in the loop on each side of the 
tap. Balanced pilot-wire protection is used between the circuit 


90 


ELECTRICAL DISTRIBUTION ENGINEERINO 


breakers at both ends of any section. Hence if a short circuit, 
occurs in any section, the breakers at both ends opt*n, that section 
is killed, clearing the trouble, and the circuit continues to operate 
as two separate lines until the trouble is repaired and loop opera¬ 
tion restored In ease of trouble in the customer's service itself, 
the circuit breaker on the tap will clear it from th<* loop entirely. 



Fio. 48.—Iioop power lino feeding aeoondnry network. 


Where the loop primary feed is used in connection with a 
secondary network, one of the circuit breakers in the loop at 
each load point may be omitted, and also the breaker on the tap, 
if proper protection is provided on the secondary side of the 
transformer. In this case the transformer installation and the 
section of the loop from which it is tapped act as a unit, all being 
out dead in case of a short circuit either on that section of the 
loop or in the transformer, Fig. 48. 


Circurl' 



A balanced pilot^wire protection scheme is diagrammed in Fig. 
49. Its fundamental theory is to connect in series, by means clt 
the pilot wire, the secondaries of the current transformers aotuat» 
ing the circuit breakers at both ends of the section of the loop to 
be protected. As long as the current flows normally in the same 
direction through both current traiusformers, no current flows 
through the trip coils of the breakers. When a short circuit 
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occurs in the section, however, and the current through one 
transformer reverses in direction, the result is a current in the 
trip coils and an actuating force to open the breakers. 

Primary Networks .—An arrangement of primary lines which 
would bo very advantageous if it could be worked out practicably 
and economically is the primary network. So far, however, few 
schemes of this kind of any appreciable extent have been actually 
put into operation. The ideal arrangement, as shown on Fig 50, 
would be with a permanently established, heavy primary rmg 
in the area to be served. This is fed at different points by as 
many feeders as necessary to carry the load, the number bemg 
increased as the load increases. Sufficient reserve feeder capacity 



must be allowed to enable the load to be carried by the remaining 
feeders in case one (or more if desired) were to drop out of service. 
This would provide against interruptions on feeders and could be 
worked out by use of circuit breakers operated on reverse power 
at each feeder end where it ties into the primary ring. With the 
amount of load which it is contemplated might be carried on such 
a primary ring with several feeders, however, it would be quite 
to provide against total interruption in case of trouble 
on the primary ring, branch mains, or transformers, and in order 
to do t-bta it is necessary to use some form of seotionalizmg devices 
to cut off the faulty section. This complicates the problem ^d 
partially defeats its main object, even if it is practicably possible 
to work out a satisfactory arrangement. 

The primary network at best is only an intermediate step 
between simple radial feed and the almost complete protection 
provided by the multiple feed secondary network. It would pro¬ 
vide automatic throwover only for the primary feeders and to 
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some extent for the primary mains without providing against 
trouble in transformers and some of that in the primary mains. 
It would be applicable only to conditions where something b<*tter 
than the radial feed was felt desirable and yet the luie of secondary 
network was not feasible or not warranted. It is doubtful 
whether such conditions are very numerous, especially those 
for which effective manual throwover provisions by uses of spare 
feeders are not sufficient. 

Voltage.—The choice of the proper voltages for a distribution 
system depends on a number of considerations. Probably the 
most important is the economic, which is discussed in some detail 
elsewhere in this book. The purely economic study, however, 
must usually be qualified by several other factors, some of which 
may be economic in fact but of a nature hard to evaluate, others 
purely arbitrary but fixed by local or other conditions. The 
chief of these factors are as follows: generally accepted standards, 
local governmental regulation, physical relations with other 
utilities, relative reliability, practical considerations of construc¬ 
tion and maintenance, voltages used on other parts of the system 
if a part of a large system is under consideration, and present volt¬ 
age in use if it is a case of an old system which is being revamped. 
The latter factor includes comideration of the diffiouitim to bo 
encountered in changing to another voltage and possible further 
future change as well as considerations of use of old apparatus and 
lines to as great an extent as postsdble. 

Occasionally one encounters the problem of selecting the proper 
voltage for an entirely new srjfstem which is not the ou^srowth of 
■ an older one, in which case the study is somewhat simpler than 
is the usual case. Ordinarily, however, the question is one of 
determhoing the proper voltage for a system wUch has outgrown 
it» present voltage, either by increase in extent or in load density 
or both, or else it may be a consolidation of several systems with 
diffi^nt voltages for which it is desirable to pick a idngle stand¬ 
ard. Most eff the older systems have, up to the past few {^ars, 
used voltages of the order of 2,200 volts, sonce even going as low 
as 1,100 volts. As the loads have increased on tbsse i^^Btema 
and as th^ have extended out to subiuban and mral territory, 
it has been found extremely diffieult {uaetieaily as well as 
uneconomical to handle the loads at such voltages. Most of 
the larger systems are finding it advantageous to oliange over 
to a higher voltage, the ehai^ to a 4,000>volt Y iQnrt«n being 
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probably the most popular, but in some places considerably 
higher voltages are being used. 

As a purely economic study, it is not a diflBLcult matter if a 
certain load is assumed and a certam average length of hne is 
given, to detemaine the most economical voltage. For the same 
percentage of voltage regulation and conductor size, line losses, 
of course, decrease as voltage increases. Doubling the voltage 
cuts the current in half and therefore reduces the losses to one- 
fourth as much. On the other hand, costs of line transformers 
and station apparatus increase with the voltage. Also, beyond 
certain limits, line costs increase somewhat with voltage due to 
the necessity for increased insulation, wider spacmg of conduc¬ 
tors, etc. It is possible to arrive quite defimtely at a most 
economical design as to voltage and conductor size for any 
given condition in accordance with the prmciples set forth 
elsewhere in this book. 

For practical purposes, however, it is somewhat difl&cult to set 
down all the conditions of the problem in simple, definite quanti¬ 
ties. The load density on the system may vary from very con¬ 
centrated, downtown, city load, to scattered irural customers. 
It is desirable to limit the voltages used on the system to as few 
as poMiible on account of interchangeability and standardization 
of equipment and materials and construction methods. In fact 
some of the largest systems have'foimd one standard primary 
voltage for the whole system a practicable and economical solu¬ 
tion, in spite of a wide variation in load densities. The spacing 
of substations also enters the problem. While a voltage mi^t 
appear most advantageous for a certain arrangement of substa¬ 
tions, a different arrangement and different voltage might give 
still greater overall economy. Length of circuits will vary con¬ 
siderably in any case. Future load growth must be taken into 
consideration and an ideal solution is one which not only pro-^des 
for a considerable amount of foreseen expansion but also is of 
such a nature that it can be adapted to still further changes to 
care for the more or less unforeseen, greater growth which may 
in the mote distant future. The choice of the most advan¬ 
tageous primary voltage must include consideration of these 
f actons on the basis of average values, determined or estimated as 
exactly as possible. 

SUmdetrd VtMages .—^The generally accepted standards of 
voltage for distribution primaries are as follows: 
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Volts 

VoltH 


6,600 

2,300 

n,ooo 

4,000» 

13,200 

4,600 

23,000 


> The 4,000-volt circuit is a four-wire circuit with 2,300 volts phUMc azkI ncnitral 

Sinularly. circuits at 8,000 volts with 4,000 volts to mnitral arnl volts with 

volts to neutral are somctiiucs usctl. 


These are the voltages for which the manufacturers build 
standard apparatus and the voltage for any new syntem or 
changed-over old system should conform to one of then» unlcfw 
there is some very sufficient reason for choosing some other odd 
voltage. The values given are not rigidly fixed. Voltages within 
a reasonable range either side of any one of these named may still 
be considered as belonging to that standard and this is recognized 
in the rating of most apparatus. For example, 2,300-volt dis¬ 
tribution transformers are generally rated for 2,200, 2,300, or 
2,400 volts by the manufacturer. As a matter of fact, the voltage 
designation established for a line or a system is usually more m* 
less of an arbitrary one, A line may leave the suiistation at 5,000 
volts and reach the customer at 4,400 volts and it is a matter 
of choice as to what value will be used in rating It—4,400, 4,000, 
4,800 or 5,000. 

The voltages given above in the first column are those most 
generally used at present for general distribution, but those in 
the second column are being adapted for distribution purposes 
more and more, especially for underground !inc» and rural lines. 
Until comparatively recently, those 11,000 volts or above were 
considered as being in the trasaamiasion class rather than distri¬ 
bution. However, voltages in the 11,000-voltB or 13,200-votto 
class are now quite commonly used as generator voltages, and if 
the distribution circuits can be operated at such a voltage, a 
marked advantage may be gained in the elimination of step-down 
substation transfmmers. Voltages of this order are being used 
in a number of cities to feed underground secondary networks. 
Voltages in the 23,000-volt class are still usually eonstdered as 
transmission, but in one case at least, an underground seoondary 
network is fed by primary feeders at 27,000 volts. 

4,000 VoUs verma Other Voltages .—One of the most popular 
voltages at present is 4,000 volts, three-phase, i.e., applied to a 
four-wire system with 4,000 volts between {dtaaes and with 2,300 
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volts betweon osicli phase a>ii(l neutral. The neutral wire is nea,rly 
always grounded, at least at the substation. The reason for 
the common use of this plan lies in the quite general use heretofore 
of 2,300 volts, three-phase, for primary hues. When it becomes 
advisable to change a 2,300-volt system to a higher voltage, the 
easiest change is usually to the 4,000-volt, four-wire system. 
That this is always the best change to make is by no means self- 
evident. Probably in the majority of cases where 2,300 volts, 
three-phase has been employed it is the most advisable, even 
though a later change to a higher voltage may be necessary 
Where an entirely new syetem is to be installed or where the old 
one is not at 2,300 volts, the use of 4,000 volts is of questionable 
advantage. The matter should be given some study before the 
change is decided upon, however, and all advantages and dis¬ 
advantages carefully weighed. 

The advantages of the 4,000-volt system as applied to the 
revamping of an old 2,300-volt system are as follows; 

1. The voltage from phase to neutral remains the same as 
before, i.e., 2,300 volts. If the old system were operated with a 
grounded neutral, the voltage to ground would, of course, be 
mcreased. If operated ungrounded or with one phase grounded, 
the new sjretem is in effect at the same voltage. In any case, 
the line insulation is usually sufficient without change and the 
new system requires only the addition of a fourth wire to the 
primary feeders. Sometimes the spacing between wires is left 
unchanged (ordinarily about 14 in.) but in some oases the 
increased voltage between phase wires has caused increased 
trouble due to adjacent phase wires whipping together. This 
can be remedied to a considerable extent by wider spacing between 
the subjacent phase wires (4,000 volt). 

2. The phase-to-neutral voltage, being the same as the old 
phase-to-phase voltage, the old distribution transfoirmers can be 
used without change, being connected at 2,300 volts from phase 
to neutral. Three-phase installations are made with three single¬ 
phase tran^ormers, connected in Y, or may be made with 4,000- 
volt tranerformers in A. The advantage m using the old trans¬ 
formers is usually a major one, as the cost of replacing transform¬ 
ers for a higher voltage is a considerable item. 

3. The phases can be regulated separately by single-phase 
regulators at the substation, thus keeping the voltage well 
balanced in spite of unbalanced loads. 
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4. Substations may often be rearranged utilizing the okl 
apparatus, since the new voltage to ground is 2,300 volts, the 
same as the old. For example, single-phase 2,300-volt trans¬ 
formers which were formerly used in A may be connected in Y. 

5. The diflS,culties of making the changeover in the field are 
much less using the old equipment and lines and the same voltage 
to neutral than if an entirely different voltage with all new equip¬ 
ment were introduced. 

6. The load which can be carried by a 4,000-volt fwider with 
large-sized cable or wire is claimed by some to Ixs all that should 
be tied up on one feeder. 

In contrast to the above advantages there are ^rtain very 
marked disadvantages in the 4,000-volt system, as compared 
with higher voltage systems, which must be considered even in 
a changeover from 2,300 volts, and which it is bclievetl, 
make its iwe rarely advisable for a new system, or ono not using 
2,300 volts previously. These are as follows: 

1. The phase-to-neutral voltage being only 2,300 volts, single- 
phase branches off the three-phase feeder are at a comparatively 
low voltage, i.e., only the feeder has the advantage of the higher 
voltage. 'V^ere the load is concentrated in a comparatively 
small area and branches are short, this may not be a serious dis¬ 
advantage, but where the branches are long, as in suburban or 
rural territory? it may become of major importance In limiting 
the length of such branches or the load which can be carried with 
a reasonable voltage drop. At the same time, larger power looses 
are experienced than with higher voltage on these branohee. A 
remedy would be to use 4,000-volt bmneheo, but, in this ease, 
4,000-volt distribution transformers must be used which neceadi- 
tates a change from old eqtdpment. 

2. ^noe the percentage of power loss and of voltage drop for a 
given load and wire size vary app3x>ximately inversely as the 
square of the voltage, the difference between 4,000 volts and 6,600 
or even 4,600 may represent a cotudderal^ economy and advan¬ 
tage for the higher voltage. Figure 61 dbows the relative loss 
and voltage drop for different voltages. Sbace, as shown on 
Fig. 62, distribution trarufformer costs do not rise in proportion to 
the voltage until above 6,600 volts, if new transformers are to 
be purchased, the higher voltages (even higher than 6,600) may 
show conriderable economy when overall costs, including lossss, 
axe studied. 
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3. If 4,000 volts should become inadequate due to future large 
increases in load, the system is not adapted to further increase in 
voltage without complete change, whereas a 4,600-volt system. 



Fio- 61-—Comparative per cent power loss and per cent voltage drop at different 

voltages 


for example, may be qiiite readily converted to an 8,000-volt 
system if it ever becomes necessary. In that case, of course, it 



Yta. 82.—Comparative coats of distribution transfoTmers of different voltage 

ratings. 

must be recognized that most of the disadvantages here given 
for 4,000 volts may be applied to that change also. 
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The use of three-wire, three-phase circuits at 4,600 volts, 6,600 
volts, or 13,200 volts avoids most of the above difficulties charged 
against the 4,000-volt, four-wire sjrstem and may prove economi¬ 
cal, although the other considerations, applying to higher voltages, 
mentioned elsewhere in this chapter, must be taken into account. 

Grounded Circmts. —It may be appropriate hero to discuss 
somewhat the question of using circuits with grounded neutral 
versus those with the neutral ungrounded. On many systeins, 
the neutral of the primary circuit, whether or not it is brought 
out as a four-wire circuit, is grounded at the substation. The 
advantages of this practice are that the voltage to ground on the 
line insulation, transformer bushings, etc. is definitely limited to 
the lowest possible value. Also, if an accidental ground appears 
on any phase it is immediately cleared by the opening of the cir¬ 
cuit breaker and will not spread trouble to other circuits on the 
bus or hold on as an arcing ground, possibly causing other moro 
serious troubles. On the other hand, service on an ungrounded 
circuit is not interrupted by every accidental ground which may 
appear. Probably less trouble is experienced due to tree con¬ 
tacts, etc. Such circuits may be operated for hours or sometimes 
days until the ground is located and cleared. Somewhat greater 
safety is assured linemen working on hot wires or transformers, 
since an accidental ground through their body will not be a dead 
short unless accompanied by another accidental ground at some 
other point. This point is sometimes questioned, in that the 
linemen may depend too much on the transformer cases being 
ungrounded, and not protect themselves sufficiently against acci¬ 
dental grounds. 

Common Grounded Neutrai .—^Iii connection with the four-wire 
primary (4,000 volt) it is sometimes the praotioe to use the neu¬ 
tral of the secondary as the primary neutral also, making the 
secondary neutral continuous for this purpose. This eUminates 
one wire and is hence apparently an economical praotioe. How¬ 
ever, the separation of the neutral from the phase wires, and «dao 
the fact that it is grounded all along its route allowing part of 
the neutral current to flow through the ground, tends to increase 
the inductive effect on parallel telephone circuits where such 
effects are troublesome. Also there is a tendency in some quar¬ 
ters to look with suspicion on the use of a secondary conductor for 
primary current in any sense. The practice is prohibited by 
law in some states at present. Tlie scheme has been employed 
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in. sonae localities for several years, however, and reports. pn_ the 
experience with it have not indicated any undue amount of dif-' 
ficulty or danger in connection with its use. 

Local Gaiyemmental Regulations .—^It is quite often the case that 
the municipal or other local authorities in the territory in which 
the lines are located have either formulated regulations or at 
least have quite defimte ideas as to the maximum voltage which 
should be used on overhead lines in their districts. Whether 
or not these regulations agree with the desires or judgment of the 
distribution engineer or even with accepted good practice, they 
should usually be given respectful conisideration, if not from com¬ 
pulsion, at least as a matter of pubhc policy and the maintenance 
of amicable relations. It must be remembered that to the unini¬ 
tiated public the danger from electric lines is generally felt to 
be in direct proportion to the voltage, whereas, withm certain 
limits this is likely not to be the case. As far as the danger to 
the public from coming in contact with line wires is concerned, a 
line at 13,200 volts is not to any considerable degree more danger¬ 
ous than one at 4,000 volts or even at 2,300 volts except that, at 
the lower voltages, the weatherproof insulation, if present, may, 
in certain cases, offer some protection (by no means to be 
depended upon, however). 

The National Electrical Safety Code, which is the basis of state 
rules in a large number of states, requires greater safety factors 
for construction with lines at the higher voltages (over 7,600). 
The additional cost thus incurred must not be lost sight of in 
considering the economy of higher voltages. 

Physical Relations with Other UtUities .—^It must be borne in 
mind that the power company’s lines must nearly always occupy 
the same streets, if not the same poles, with the lines of other 
utilities, telephone, telegraph, posably other power companies, 
etc. The physical clearance between such wires at crossings or 
on the same structures is governed by the voltage, both on 
account of practical considerations of construction and operation 
and also usually by governmental regulations where such exist. 

A more serious conaderation in the use of the higher voltages is 
the fact that inductive effects of power circuits on signal drouits 
increase with the voltage of the former. The telephone interests 
have in most oases objected to the practice of joint construction 
of power and telephone circuits on the same poles where the power 
voltage is over 5,000 volts. At the present time, the whole mat- 
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ter is under consideration by a joint committee of the two inter¬ 
ests and it is probable that eventually some definite settleniont 
will be agreed to by both parties as to what voltage, if any, should 
be considered an upper limit and possibly what accepted nieasures 
of protection should be adopted with the higher voltages. In 
view of the quite general practice of joint construction, it would 
seem that the use of distribution voltages in the higher range 
must be eventually accepted. At present, however, any company 
contemplating such use must expect opposition, at least for 
such lines as may be on joint poles. Aside from the considera¬ 
tions pertaining particularly to joint construction, although 
inductive effects on parallel signal circuits do increase with volt¬ 
age, the difBloulties are usually not found to be particularly serious 
for voltages up to 13,200, especially if a reasonable amount of 
attention is paid to inductive coordination. For higher voltages, 
parallels are not at all impossible, but their practicability depends 
considerably on the type of circuits involved, separations, etc. 

Reliability ,—In general, it may be said that reliability of service 
decreases as distribution voltage increases unless measures 
are taken to compensate for it. Outages on overhead lines arc 
due in large part to wires swinging together, swinging into trees 
or otherwise being accidentally grounded, shorts or grounds by 
kite strings, etc. 

Up to 2,300 volts to ground, the ordinary weatherproofing com¬ 
monly used on wire, if in good condition, is more or less ofl^ectivo 
as an insulation, especially when dry. This prevents a great 
many of such outages by insulating the wires from each other or 
from trees etc, on these momentary contacts. At voltages higher 
than this, the weatherproofing becomes less effective and hence, 
as may be expected, the troubles from these causes increase. 
Above 4,600 volts it is doubtful if weatherproofing is of any appre- 
<^1^ value for this purpose and even at that voltage it is of 
little use except when perfectly dry. 

On imderground lines, the higher the voltage the greater the 
stress on the cable insulation and, in gsnend, the greater the possi- 
bility of its failure, especially as the hl^iifaer nmge of voltages is 
reached. 

In general It will be found necessary when the voltage b 
raised on an old circuit either overhead or underground, unless 
provision has previously been made for such a raise, to take steps 
to counteract the increased trouble. Such steps are the incresa- 
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ing of insulation, increasing spacing between conductors, adding 
more reserve lines, clearing up bad tree conditions, etc. 

ConstTVid'irOti CLnd A£cuint6n(iTicc .—^VSHien tbe new voltage is very 
much, higher than the old one, complete reconstruction of existing 
lines may be necessary instead of a minor revampmg. This 
must be taken account of in stud37ing the economies of the prob¬ 
lem. Aside from this, the difficulties to be encountered in 
erecting and working on or about such circuits will usually 
increase with the voltage- Beyond certain limits, usually about 
4,600 volts, the lines caixnot be worked on when live with any 
degree of safety, unless special tools are used. If such tools are 
necessary or if the hnes must be shut down, inconvedi 
ience, delay, and unforseen expense is a practically certaiHI 
accompaniment. 

Condiictor Size.—The proper size of conductor to use in any 
particular situation depends chiefly on three conditions: 

а. Economy. 

б. Voltage drop 

o. Mechanical design. 

The most econoimcal size of conductor for a given load can be 
determined by a study of aimual costs on the construction and 
energy losses, as shown in another section of this book. Such 
a study is very helpful in choosmg the proper size whether or 
not it is the determining factor, since a size as near as practicable 
to the economical can still be selected even though it is limited 
by other considerations. 

The allowable voUage drop over the line will limit the size of 
conductor to a certain minimum. If this limit is greater than 
that determined by economy, economy must be disregarded 
to that extent; if it is less, the economical size should be chosen 
ordinarily. Computations for voltage drop are given in Chap. X. 

Mechanical strength of the conductor and of supp>orts impose 
certain limitations. As a rule, in heavy loading districts (National 
Electrical Safety Code) a conductor smaller than No. 6 medium 
hard copper is not to be recommended. On the other hand, 
conductors larger than No. 0000 are rather difficult to handle 
on the ordinary pole line without special provisions for supporting 
structures, guying, etc. 

As a rule, the Eazes of conductor should be limited to as few a 
number as possiMe to avoid difficulties in carrying stock, ordering, 
etc. 
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Since the majority of loads are serviced at voltuf^en of the ordc^r 
of 115 or 230 volts, and since on alternating-current wystc^nis the 
distribution from the substation is usually at a much higher 
primary voltage, some form of secondary link (and transformer) 
will ordinarily occur between the primary an<i the cuHtf>m<»r’8 
service. The secondary may be of any of the following typr«: 

1. ladividual transformer for each customer with clirtH-t m*<*onclary con¬ 
nection (separate service). 

2- A common secondary main, fed by one transformer supply tiiK » griiiip 
of customers (radial). 

3- A common continuous secondary main, fed by several transforiners all 
of which are connected to the same primary feeder (secondary hank). 

4. A common continuous secondary main, as in (3) UhI l»y nevi^ritl trans- 
formers, with these transformers divided among two or morc« prittmry feetiers 
for their source of supply (alterntating-current low-voltage network or 
secondary network). 


I 


Thefnsfonnmr- 
_ ^ ^ iServ/c* ■ 


Eaclt of the above types of secondary distribution have their 
particular province. They will be further discussed, in order. 

Separate Service.—^The separate feed for each customer, 
Fig;. 63, is distinctly applicable to oertidn loads such as the 

isolated service, the service of a different 
character from th<»e general in the sur> 
rounding districts (threcj-phase service in 
a fSngle-phase area, etc.), and the very 
large load. In other cases, some study 
may be required to determine whether 
the separate service or the group main is 
preferable. 

On rural distribution, for example, customers are usually spread 
out BO far apart that any considerable amount of secondary main 
is impracticable, Whear© two or three are groupcKl fairly oloee 
together, however, there may be a question as to whether separate 
transformers should be tised for each, or se<x>ndary main run from 
a common transformer. Two considerations usually govern. 
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63,—Separate service. 
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First, the cost of the common transformer and the secondary- 
main may be compared with the cost of the separate transformers, 
including, of course, the cost of losses on both transformers and 
secondary main. Second, the allowable voltage regulation may 
be a factor. If the system is designed and operated on the 
ass-umption of no secondary drop between transformer and 
service, the introduction of any considerable amount of such 
secondary in certain cases may give too low voltage at the service 
under some conditions. 

Another case for which the solution is not alwa 3 ^ evident is 
where a load occurs which is considerably larger than the average 
run of loads m the district in which it is located, such as an apart¬ 
ment house in a district with otherwise comparatively light load. 
In order to give good voltage conditions at such a service (allow¬ 
ing for a fair amount of drop in the customer’s -wiring), any con¬ 
siderable amount of voltage drop in secondary mains is usually 
not allowable. With the light mains suitable for the general 
distribution load, this requirement necessitates that the trans¬ 
former be located at or immediately adjacent to the large service. 
On the ordinary radial secondary mam fed by one transformer, 
the location of the transformer at the large service may in some 
cases be satisfactory for the rest of the load, but of-tener it is 
very likely not* to be so. In such a case, an entirely separate 
installation may be preferable to a rearrangement of the second¬ 
ary. Where secondary banks are used, a further question arises. 
If the large -transformer placed for the large load is tied in to the 
secorsKlary mains, a reserve source of supply in case of its failure 
but suflBcient transformer capacity must be present 
transformers -to furnish that emergency reserve -with- 
ding them unduly. In case the general distribution is 
WiS^ag||f[vely light, this may require a major increase in trans¬ 
former capacity amounting to almost duplication of the capacity 
installed for the load. An entirely separate installation for the 
large load is indicated in such a case unless the emergency supply 
is of sufficient importance to warrant the extra expense and can¬ 
not be otherwise obtained more conveniently. 

Where the general distribution load is very heavy, requiring 
large transformers and secondary mains, the need for separate 
services, even for loads of considerable size, becomes less e-vldent 
since secondary vol-tage drop is likely -to be comparatively small 
on such sys-fcems. 
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In general, separate services are somewhat wjisteful of trans¬ 
former capacity since no advantage is taken of the diversity 
factor between customers’ loads. The transformer should, as 
a rule, be located as near as practicable to the point of service 
to reduce the length of secondary and its losses to a minimum. 

Radial.—The most usual form of secontiary arrangement for 
general distribution is that in which a group of customers, usually 
of more or less similar characteristics, is fed by u common second¬ 
ary main, supplied by a single distribution transformer sc*e Fig. 
64. Where polyphase and single-phase loads both occur inter¬ 
mingled, the secondaries serving each type are quite ordinarily 
kept separate. Combined secondaries have some use, however, 
and will be discussed in some detail later on. 


Pr/mary matrit 
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(b> Ac^ju&iabie 5«ctions 
Tia. 54.—Radial aaeondarlM. 


This type of secondary has the advantage over the “npparatc 
service” of utilizing the diversity between the demands €>f individ¬ 
ual customers -in reducing the total transformer capacity 
necessary. Also for small individual loads, it allows tran^orm- 
ers of larger capacity to be used which, as a rule, cost lese per 
kilovolt-ampere than would smaller individual transftMrmers. 
The larger transformers also have the faculty of abeorbingstaitings 
currents of motors on individual service with leas resulting voltam 
dip than' would be the case with the small transformers. 

Compared with secondary bank or network (discussed tielow), 
the radial type of secondary has the advantage of fldmplioity. 
Any trouble in transformer, secondary, or services is localise^] 
to that one section of main and is not likely to spread to other 
sections of the secondary system. A positive indication of 
trouble in transformer, fuses, etc. is given by the intemiption 
to service on the section. The circuit is simpte, involving only 
one transformer and one secondary main and hepoe calculations 
for transformer size and location, voltage chops, etc. are compare- 
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tiv6ly easy. The transformer may be loaded as heavily as is 
consistent with safety and with good voltage regulation (see 
Chap. IX, transformers) without regard to the size of adjacent 
transformers or their loads. On the other hand, this arrangement 
makes no provision for maintaining uninterrupted service in case 
of transformer failure or broken secondary wires. Also it is rela¬ 
tively inflexible. Any increase in load on a section of secondary 
IS thrown entirely on that section and its transformer and must 
be met by increased transformer capacity and sometimes also 
by increase in conductor size. If additional transformers are 
installed, the secondary must be redivided to create additional 
sections. Similarly, heavy concentrated loads impose all their 
duty upon the single transformer and section of secondary on 
which they occur without help from adjacent sections. In 
general, no'advantage is taken of the diversity in demands on 
adjacent transformers. 

In laying out a radial system the tendency is to establish the 
sections more or less permanently according to geographical 
limitations and load grouping, present or probable, such as a 
section to a city block, for example. The transformer location 
in the section is similarly established and size of transformer and 
of secondary mains designed accordingly to serve the expected 
load. The alternate of this method, where it is feasible to employ 
it, is to lay out the secondary as more or less continuous, cut into 
sections with strain insulators as conditions require. The trans¬ 
formers are placed along the secondary in the most advantageous 
positions in regard to the load and such positions, and hence the 
division points in the secondary, are changed from time to time if 
necessary to meet changing conditions. The latter form of 
layout may be better adapted to the use of the theoretically 
most economical sizes of wire and transformers but is not always 
practical on account of limitations on available transformer loca¬ 
tions. A combination of the two forms is perhaps the most 
generally applicable, i.e., the establishment of more or less deflnite 
sections of secondary and transformer locations, -with some pro- 
visionB for change later if the necessity arises. In laying out 
secondary distribution in sparsely built-up districts, it is often 
advisable to install only part of the transformers planned for the 
eventual system, i.e., to let each transformer feed not only its 
own section of main but also one or more adjacent sections, post- 
ponir^* the installation of transformers in those sections until 
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the load builds up. This does not prevent definite transformei 
locations for the eventual system being chosen, however. 

Secondary Banks.—Tl^ use of secondary banks is a step 
toward the provision for uninterrupted service to the customer. 
A secondary hank consists of a continuous secondary main fed 
by more than one tranrformer, but with all the transformenH 
supplied by the same primary feeder, see Fig. 55. In reality, 
this is one form of secondary network and is sometimes culled u 
“single-feed network.” It seems preferable, however, to dis- 
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ib) Grid Main 

ViQ. &&.—Secondary bank: (a) Straight main; (b) Orid main. 

tinguish it as above, since that name is quite commonly used and 
the term "secondary network” has come to be generally under* 
stood as applying to the "multiple-feed network” described 
below. The secondary bank may take the form of a long straight 
section, a loop, a grid, or a combination of these. In any ease 
the principle is the same, and with proper attention to design the 
same advantages and disadvantages apply. 

The chief poinis of advantage acoompUshed by the aeeondary 
hank axe as follows; 

1. In case of the failure of any transformer, its load is cairied 
by adjacent transformers, with perhaps some reduction in voltage 
but without interruption of service, until the faulty equipment ts 
replaced. 

2. Better distribution of load among the various transformers. 
A heavy load coming on at any point is shared, to some extent. 
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by at least two and possibly more transformers instead of being 
all thrown on one. 


Normal distributed load is automatically divided among the 
transformers giving the highest possible voltage at the low points, 
which, with theoretically evenly distributed load of the same 
density, would fall exactly half way between any two transformers 
(if they are of the same size). Under actual conditions, of course, 
with loads of various sizes and varying characteristics, these low 
points may fall almost anywhere along the secondary. 

3. Better average voltage conditions resulting from such load 
distribution. 

4. General increase, in load may be oared for by increasing the 
size of part of the transformers in the bank without increasing all 
of them. This is of material advantage with a limited number of 
stock sizes of transformers. For example, if 15-kv-a. transform¬ 


ers are used, a general 
load increase, which 
would overload all the 
transformers in the 
bank, might be han¬ 
dled satisfactorily by 


_ Primary matn^ __ 

Primary/Kr^rTrans former' aaIvv 

fuse Secondary fuse __ 

Secomfary mam 

Fia. 56 —^Location, of fuses—secondary bank 


replacing every other one with a 26-kv-a. for the time being, until 
further increase made the replacement of the other transformers 


necessary. 

6. Similarly, load increases, either general or individual, may 
be cared for in some cases by installing additional transformers 
at intermediate locations between other transformers, without 
disturbing the present arrangement. 

6. More capacity is available to bum clear a secondary short 
circuit if one occurs. This may often be done without blow¬ 
ing secondary fuses and hence without interrupting service. 

7. Some advantage is taken of diversity between demands on 
adjacent transformers in reducing the total transformer load. 

Secondary fuses (or other form of automatic circuit breaker) 
must be used with each transformer connected to a secondary 
bank in order to clear the transformer from the hank in case of a 
short circuit in its windings. In such an eventuality, the fuses are 
blown by current fed back into the transformer from the secondary 
main. In the true secondary bank, these fuses are located between 
the tran^ormer and the secondary main, thus leaving the main clear 
and with uninterrupted service in case the fuses blow, see Fig. 6b. 
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On this system, reserve transformer capacity must Im* provi<i<><t 
in each transformer since it is contemplateii tliat the l<««i of u 
faulty transformer will be earned in emerj?ency by its n(‘if2;hhorH. 
Such reserve capacity will often be found, at least partially, in 
the safe overload capacity of the transformer which is not utiliz(>d 
under normal operating conditions due to consitierufionH of volt¬ 
age regulation (see Chap. IX). The voltage in the vicinity of 
the faulty transformer may be low in such an i*merg«*ncy but it is 
of some advantage to maintain service, even at low voltage, and 
the drop in voltage will usually be sufficient indication of trouble 
to bring in reports of it from customers. 

A form of layout sometimes called a secondary bank utilizes a 
secondary sectionalizing fuse midway between ImnsfornierH 
instead of a fuse between transformer and secondaiy main, see 
Fig. 57. These sectionalizing fuses arc of small capacity and 


Primary main 



eeconchrry main '^ecfionaitimg Piisa 

Pxo. 57*—Sectionatising fuse* 


their function is to blow 
whenever an abnormal 
amount of current 
passes through them. 
That is, in case of the 
failure of a trans¬ 


former, the sectionalizing fuses would clear not only the trans¬ 
former but also all of the section of secondary main nonnaliy fed by 
it from the system, interrupting service on that section. It is 
evident that this plan, although having some of the advantages 
of the secondary bank in the better distribution of load and volt¬ 


age tuider normal oonditioius, lacks one of its chief features, the 
possibility of maintaining uninterrupted service on the seoondaiy. 
It is not essentially different from the radial plan, previously 
desinibed, except in the substitution df a light tie in the form of a 
small fuse instead of absolute separation between sections of 
secondary main. 


A disadvwtage of the secondary bank is the possibility of 
oa^ading, in case one transformer goes out, eff having the 
adjacent transformers also go out, being loaded beyond their fuse 
capacity or beii^ burned out by excessive overload. The increased 
overload is then passed on to other tnmsformen, causing them also 
to go out and an interruption occurs on the whoto bank. Hie 
danger of this occurrence can be minimised by the properanange- 
ment of the bank, proper fusing mid proper rising of transformer^ 
both individually and in relation to adjacent transformers. 
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In laying out a secondary bank, the following points should be 
observed: 

1. The grid form, with cross-ties at convenient points, is pref¬ 
erable to long single mains. 

2. It IS preferable to have the bank so arranged that in case any 
transformer drops out, its load will be fed directly from at least 
two other transformers. In case physical conditions make this 
impossible, the sizes of the transfonhers must be specially con¬ 
sidered to prevent cascading. 

3. Transformer sizes should be such that the load of any faulty 
transformer can be picked up by the others without undue dis¬ 
tress. This does not necessarily mean that all transformers must 


be loaded normally to 
only two-thirds of 
their rated capacity 
even on overhead 
banks, however. 

It is a difficult prob¬ 
lem to determine ac¬ 
curately just how the 
load of any faulty 
transformer will 
divide among the 



Fig. 58.—Secondary bank—division of load of a 
faulty transformer 


others with a grid 

form of network (see also Chap. IX), The actual load (lighting 
load) of the faulty section is, of course, reduced somewhat by 
the reduced voltage. This is not m proportion to the reduction 
in voltage but to its 0.6 power, approximately, so this effect is not 
so marked as it might appear at first glance. The division 
depends on the impedance of the various paths through the 
secondary grid by which the load may be fed, including trans¬ 
former windings as part of these paths, see Fig. 58. These imped¬ 
ances vary with the size of the transformers, their distance apart, 
and the size and spacing of secondary. 

The arrangement along the secondary of the various individual 
loads and the normal load on each transformer also have an effect. 
It may be said, however, that ordinarily with overhead fines, the 
impedance of the secondary between transformers is likely to be 
relatively high compared with that of the transformers themselves, 
resulting in a large inroportion of the load of any faulty 
transformer (probably 70 to 80 per cent) being thrown on the 
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transformers immediately adjacent. With underground ImcH, on 
the other hand, the impedance of the secondary cabios is likely 
to be relatively low in comparison with the impedance of the 
transformers. This makes for a more equitable diviHif>n of the 
load among all the transformers in the bank. If the transfoniM'r 
impedance is deliberately raised until it predominates that of the 
secondary mams (as is often done with secondary networks) th<‘ 
division is still more improved and the stress on the trunsformerH 
immediately adjacent to a faulty one thereby relieved. In such 
a case, the total reserve capacity in the bank may be counted on 
rather than that in adjacent transformers only. 

The relative amount of the load of the faulty section picked up 
by each adjacent transformer on an overhead Hystem or by each 
transformer on an underground system depends to a considerable 
extent on the relative impedances of the transformers. If the 
transformers are of similar or nearly similar characteristics (per 
cent X and per cent R the same) they could be paralleled on any 
load without intervening ^condary and would divide the load 
in accordance with their size without overloading either (see 
Chap. IX). Paralleling these same transformers with inter- 
vemng secondary does not alter the case greatly. Hence it may 
be said that the practice of using transformers of different sizes 
in the same bank, even if those sizes are quite widely different, is 
not necessarily objectionable, provided they are of proper charac¬ 
teristics to allow beir^ connected in {mrallel. What must be 
carefully considered, however, in such a case is the praviston of 
suflficient reserve capacity in such transformera to carry the emer¬ 
gency load safely. Por example, a 100-kv-a. and a 6-kv-a. trans* 
former in the same bank might be safe enough if there is provision 
for carrying the load of the 100 in case it goes out, but a 100-kv-a. 
transformer with a 5-kv-a. transformer on either side of it and no 
other capacity immediately adjacent would be veiy bad practice. 

The necessary reserve capacity may be found to a oonaiderable 
extent, especially on overhead systems, in the overload capacity 
of the transformers for comparatively short periods. This is 
discussed in more detail in Chap. IX. The sizes of fuses used 
with the transformers must be so chosen as to allow for the use 
of this emergency capacity <aee Chap. XII). 

Secondaiy banks are not very commonly used afthough they 
have been adopted on some of the largest systems. They are 
more applicable to overhead distribution than to undeii^round 
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since they are adapted to use in areas of comparatively light-load 
density (for which overhead is the prevailing system) where 
multiple-feed networks are not justified by the character of the 
load and not practicable on account of the expense and congestion 
of lines resulting from the large amount of duplication of primary 
feeder and mains which would be required in such an area. 
Furthermore, since troubles are more quickly located and repaired 
on overhead lines than on underground, the fact that the second¬ 
ary hank provides only against transformer failure, and to some 
extent failure of secondary mains, but does not provide against 
faults on primary mains or feeders is not of such great importance. 

Secondary Networks.— AMernatirig-current Low-voltage Net¬ 
works .—The demand for a type of alternating-current distri¬ 
bution to give a very high degree of reliability of service has led 
to the development of the secondary network or dU&maiing-current 
low-voltage network as it is often called. Strictly speaking, any 
interconnected group of secondary mains fed by more than one 
transformer falls within the class of such networks, including the 
secondary banks previously discussed. However, the term 
“secondary network” has come to be quite generally understood 
as applying specifically to the multiple-feed network, or the net¬ 
work supplied by more than one primary feeder. It will be used 
here in that sense, sin^e-feed networks bemg designated, as has 
been stated, as “secondary banks.” 

The object sought in the use of secondary networks is the insur¬ 
ance, as far as possible, against interruptions to service, even 
those of short duration. The secondary bank provides to a large 
extent against trouble on transformers or secondaries, but leaves 
the service dependent on a single primary feeder. Hence the 
reliability of service is no greater than that of that feeder. With 
the secondary network, provision is made against feeder interrup¬ 
tions as well, by supplying the network from more than one feeder. 
In case of trouble, the faulty feeder is automatically discoimected, 
leaving the other feeders to carry the load. In this way a high 
degree of reliability is assured, since provision is made against 
interruptions due to trouble on primary feeders, primary mains, 
transformers, and secondaries. Fxcept for possible trouble in 
the customers^ own wiring, the service reliability with a well- 
designed network is hence of the same order as that of the substa¬ 
tion from which the prinoary feeders come and this may be made 
very high if desired. 
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Secondary networks are particukirly applicable to aroas of 
dense loading such as the downtown districts of large citu's, where 
the character of the load is such as to demand continuity of ser¬ 
vice and where the revenue is such as to warrant extra expendi¬ 
tures, if necessary, to attain it. Also, it is usually the case that 
such areas are, of physical necessity, fed by un<lerKrmin<I distri¬ 
bution and for underground distribution a higher degree of 
reliability is demanded than for overhead on account of the nda- 
tively greater jjiificulty in locating and repairing trouble when it 
occurs. Formerly it was considered that service of the type 
demanded by such loads would be given only by the extremely 
reliable direet-current network. It was to provide a similar 
character of service in alternating-current territory that the 
secondary network was developed and finds its chief Held. It is 
doubtful if its use can often be justified in areas of low-load den¬ 
sity where service continuity is not of prime importance or where 
only an occasional large load is of such a nature. Other methods 
can be used for the individual load. 

Considerable confusion and misunderstanding has arisen in the 
discussion of secondary networks in the past due to two factors. 
First, the alternating-current network h^ been often compared 
with the direct-current network to the apparent disadvantage 
of the latter in the matter of cost. This has been assumed to 
indicate that it was proposed that present direct-current systems 
should be replaced by altesmating-current, which has not met 
with much favor by those operating large direct-current systems. 
It is quite natxmal that the two should be oompared» idnoe the 
direct-current network is the standard of reliability toward which 
the alternating-current network is In showing cxMts, 

the two have usually been compared on the basis of original cost 
only. With an established direct-current system, tlm cost of 
rejidaoing direct-current equipment with altematii^-current 
would often be prohibitive even if all other faotors favored a 
changeover. In some cases where the direot-ourrent area is a 
comparafivc^y small part of the total, or where the load is of 
such a nature that the replacement costs are not excessive, a 
complete changeover has been found advantageous from the 
standpoint of unification of the gystem as wall as economy. This 
question has been furtl^ discusBed la acmte detail in Chap. V 
under “Direct Current.” 
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The second factor has been the confusion in the relation 
between secondary networks and combined secondaries for light 
and power. This has arisen on account of the fact that combined 
secondaries are particularly well adopted to the conditions under 
which networks are also advantageous, hence most of the networks 
installed have used combined secondaries. However, it should 
be noted that the network principle of operation does not involve 
as an essential part of the design any particular type of combined 
secondary or combined secondaries at all. It is just as applicable 



to seE»rate systems of single-phase and polyphase secondaries. 
Combined secondaries will be discussed later. The tenn 
“secondary network“ should be clearly understood as referring 
only to that type of distribution in which a continuous secondary 
main is fed by several transformers which in turn are supplied 
by more one primary feeder (alternate transformera on 

different feedars, etc.) with provisions made for automatically 
disoonnectiB® a faulty feeder or transformer from the secondary 
in case of trouble, see Fig. 69. Questions of the type of second¬ 
aries, voltages, type of primaries, protective apparatus, etc., 
while involved in the design of any particular network, are not 
fundamental to the network principle, but are merely details of 
If the type of load and character of service is such as 
to T Off r k** a network advisaWe, there are various forms in which 
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it may^be worked out and which have been UHcd Hatinfactonly 
in certain cities. 

The general advantages of network operation in provtcHng 
against transformer failure, giving better distribution of lojui 
among transformers and bettor distribution of voltage along the 
secondary, have been given under secondary banks. Also 
the division of load among the transformers on a niitwork was 
discussed to some extent. The same points apply to the multi¬ 
ple-feed secondary network as well and need not ho repeatcii here. 
Certain other special features of such networks will be taken up 
below. 

Primary Feeders.—The type of feeder which has ixien most 
used so far is the ordinary radial type. Several of thofMi are run 
into the area to be fed and the transformers in the area connected 
alternately on different feeders as far as practicable, sec Fig. 59. 
From three to five feeders are usually run to one network. With 
this system, the transformers are tied in to their feeder, either 
solidly or through non-automatic diswnnects, the protective 
apparatus being placed on the secondary side betweem the trans¬ 
former and the secondary mains and designed to disconnect the 
transformer on reverse flow of current. In this way, a feeder 
and all its transformers act more or less as a unit and a short cir¬ 
cuit on the feeder or in any of its transformers operates to dis¬ 
connect the feeder and all of its transformers from the network, 
leaving the other feeders to maintain the service. It is evident 
that sufficient transformer capacity must be provided on the net¬ 
work so that any one feeder can drop out without overloading 
the remaining transformers. For example, with four feeders on 
a network, the excess capacity mmst be 33 per oent (theoretically) 
with five feeders 26 per cent, etc. 

Another type of feeder which has been used is the loop feeder. 
Such feeders have been previous^ described in Chap. VI, sec 
Fig. 48. Several loop feeders may be tied into one network for 
additional primazy protection, although etmh loop has the possi¬ 
bility of feed from both ends radially if any section drops out. 
^e advantage of the loop primary is that transformer capMs- 
ity is put out of service in case of failure of one transformer or 
one secMon of feeder. With the loop, such trouble affects only 
the particuhn* section of the loop and the one transformer con¬ 
nected to it, whereas with the radial system, one whole fc»eder 
and all its transformers are affected. The chief disadvantage 
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lies in the necessity for using oil circuit breakers at primary volt¬ 
age to sectionalize the loop. 

The tendency has been to go to higher voltages for the primary 
feeders to secondary networks than has heretofore been considered 
desirable for city distribution; 13,200 volts is being used in several 
places. One reason is that although primary failures may be 
increased by the increase in voltage, with the multiple feed, con¬ 
tinuous service is maintained by the other feeders in any case. 
Also, with the radial system, primary fuses, which have been a 
serious problem at the higher voltages, are omitted. A third 
reason, in several cases at least, has been the economy obtained 
by running feeders at generator voltage (13,200 volts) direct to 
the distribution transformers without intervening transformation, 
thus eliminating a large part, if not all, of substation cost. In 
one case at least, feeders of different voltages, i.e., old feeders 
from a step-down substation and new feeders direct from the 
generating station have been tied into the same secondary 
network. 

Traru^fonners .—In most cases, with radial feeders, it has been 
found advisable to use a higher reactance in the transformer than 
IS ordinarily used on distribution service, i.e., a reactance of the 
order of 10 per cent. This acts to distribute the fault current 
fed into a secondary short circmt, or into a faulty feeder, and 
also the load dropped by such a feeder after disconnection, more 
uniformly among the other transformers on the network, rather 
imposing extremely heavy duty on the transformers nearest 
the fault, as is the case when the reactance of the secondary 
irtg-ina predominates that of the transformers. 

Such additional reactance is sometimes incorporated in the 
transformer and sometimes added externally. 

Protective ATparcdus .—The device most commonly used to 
disconnect the faulty transformers from the network consists 
of an air-break circuit breaker, actuated by a system of relays 
which causes it to open on reverse flow of current (into the trans¬ 
former from the secondary mains), even current of the order of the 
exciting current of the transformer, and also causes it to close 
in on the network when normal conditions are restored on 

the feeder and transformer. With such a device placed between 
each transformer and the secondary mains, all transformers 
connected to any one feeder will be disconnected, in case of a 
short circuit on the feeder or any of its transformers, by reverse 
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flow of short-circuit current from the network to the faulty fef‘d<T 
through all of its transformers. Also, if the feeder in opened, 
either by a break or intentionally by opening the station circuit 
breaker, all of its transfonners will be disconnected from the net¬ 
work by the flow of charging current from the network. On 
restoration of normal conditions of voltage, phase sequence, etc. 
(such as closing the station breaker in the above case), all the 
transformers are reconnected to the network. Use of this feature 
is sometimes made to disconnect part of the feeders fn>m the 
network during lightly loaded periods, thus saving the core loss 
of their transformers. 

Some use has also been made of oil circuit breakers irufitead of 
air-break switches, also of non-reclosing protection, i.e., such that 
the breakers open only on flow of short-circuit current of some 
magnitude (not charging current) and stay open until reclosed 
by hand. It is claimed by some that such a system is more 
rugged although lacking the convenience of opemtion and flexi¬ 
bility of the previously described apparatus. 

Fuses are used to some extent but, due to their inherent lack of 
accurate selectivity, are not usually satisfactory for disconnecting 
tran^ormers from the network, especially with the radial type 
of feed. 

Secondary Mains .—Much of what was said concerning the 
design of the secondary main system under secondary banks is 
equally applicable to the secondary network now being discussed. 
Beference should be made to that section as the points wiU not 
be repeated here. 

The size of the secondary mains and their arrangement should 
be carefully studied in connection with the transformer installa¬ 
tions with the view to: (o) properly divide the normal load 
among the transformers; (6) properly divide fault current among 
the transformers; (c) provide good volti^ge regulation to all 
customers; (d) provide for burning off short circuits or grounds at 
any point without interrupting service in case seotionalising 
fuses are not used or for positively clearing such faults by aee- 
tionalizing fuses if th^ are used. 

In several of the recent network installations no seotionaUsing 
or branch fuses are used on the secondary. All branches, ser¬ 
vices, etc. axe tied in solidly, and short circuits or grounds, in 
case they occur, are expected to bum clear without intermpting 
service to the network. Trazudormer stoes and cable sises must 
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be properly proportioned if this action is to take place 
satisfactorily. ^ 

Fairly large cables, 200 to 600 M. cir. mils are* used ordinarily, 
and in most cases single conductor 

As has already been stated, in districts where secondary net¬ 
works find themselves best adapted, the use of combined second¬ 
aries for serving both light and power is usually advantageous. 
From the point of view of the design of the distribution system 
only, the Y-connected, three-phase system of combined second¬ 
aries is the most smtable since there is no separation of phase- 
areas for the single-phase load, and load balance in the three 
phases is more easily maintained. Other considerations, how¬ 
ever, may favor the delta-connected scheme, two-phase, or 
separate secondaries for light and power, and all these plans 
have been used successfully with network operation. The vari¬ 
ous types of combined secondaries will be discussed in a follow¬ 
ing section. Since the question of service voltages is seriously 
involved in the problem of combined secondaries, the general 
subject of secondary voltage will be taken up first. 
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Secondary Voltage.—Secondary voltage standards for a Hystcin 
are not subject to a wide range of choice. For rosidence and com¬ 
mercial lighting service, the customary standard is of the order 
of 115 volts (110 to 120) with 230 volts between outside wires 
if three-wire, single-phase circuits are used. This has become 
the generally established practice in this country and manu¬ 
facturers’ standards, safety codes, etc. have been developed 
on that basis. The National Electric Light Association has set 
up a national standard for lamp voltage of 116 volts with rccog- 
mzed departxues of 110 and 120 volts. The National Electrical 
Code prescribes a maximum of 150 volts to ground for such 
service. The statement of the proportion of lamp sales among 
the various voltage classes given in Chap. IV indicates the prev¬ 
alence of 116 volts as the service standard. The sale of 120- 
volt lamps is nearly as large but this may possibly be discounted 
somewhat by the use of such lamps on 116-volt systems by some 
companies. Household appliance and small sis^e-phase motors 
are quite generally rated at 1X0 or 116 volts and are ordinarily 
well adapted for service up to 120 volts without undue shortening 
of their life or impairing their operation. The use of double 
voltage, i.e,, 230 volts has been tried and no doubt has oertain 
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advantages but has never attained much popularity, as is indi¬ 
cated by the small percentage of lamp sales at those voltages. 
This is probably due to the fact that the lower voltages are so 
well established and also that 230-volt lamps are less efS.cient 
Within the 110 to 120-volt range, the higher voltages would be 
the most advantageous from the standpoint of secondary service 
only. For a given load, line currents, and hence line losses, and 
voltage drops decrease as the voltage increases, allowing larger 
loads to be carried or longer lines to be used. The customer is 
likely to be better satisfied since his lamps bum brighter, his 
appliances heat faster, and occasional subnormal voltage condi¬ 
tions are less noticeable. However, when the system as a whole 
is considered, a lower or intermediate voltage may be of greater 
advantage. Motors are, in general, rated at 220 or 440 volts and 
standard distribution transformers at even ratios (10 to 1, 20 
to 1, etc). Where both power and light are carried on the same 
lines, as is nearly always the case, the voltage on the lines must 
be satisfactory for both. If the lamp voltage standard is 120 
volts, the corresponding 240 volts will be rather high for motors, 
especially if the 120 is the average voltage, and the maximum may 
run as high as 126 volts or 260 volts for motors. Even when 
power and light are carried on separate hnes, it is often incon- 
vement to regulate the substation bus and the different lines to 
two different voltages. If different primary voltages are carried 
on lines and busses, the possibilities for emergency throwover 
are also reduced. The 116-volt standard, in general, offers a 
satisfactorily high voltage for lighting service and still gives a 
power voltage not too hi^ for 220-volt motors, i.e., 230 volts 
with a probable maximum of 240 volts, 

A further discussion of these voltages in coimection with com¬ 
bined secondaries for light and power will be found below. 

Voltage for general service polyphase motors and large single¬ 
phase motors are quite generally standardized at 220 and 440 
volts with guarantee of satisfactory operation at full load at 
-H or — 10 per cent from rated voltage (but not necessarily with 
rated characteristics under such conditions), There are also 
standards of 650 and 2,300 volts but these are more often used for 
special purposes than for general service motors on the ordinary 
distribution systems. The choice between 220 and 440 volts 
generally depends considerably on the size of the load. For 
small loads, say 100 kw. or less, 220-volt service is generally 
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quite satisfactory, and has the advantage inherent in lower volt¬ 
age of greater safety in handling, lower insulation, etc. For 
larger power loads, however, 440 volts is often of considerable 
advantage in spite of the increased difficulties in handling it, due 
to the lower line losses and smaller voltage drops, especially 
where the service wiring is somewhat extensive. 

In general, it may be said that the use of one standard for 
secondary voltage on the whole system, instead of several, is 
very desirable from the point of view of standardization of equip¬ 
ment and operating practice and the reduction in confusion in 
both engineering and commercial departments. In establishing 
a definite standard for a system, the point at which the voltage 
is to be measured must also be defined since all customers cannot 
be served with the same voltage. The standard should be fixed 
as either the maximum, minimum, or average and whether it is 
voltage on secondary mains, customer’s meter, or at the lamps. 
It is sometimes better to establish a range between certain mini¬ 
mum and maximum Values, such as 112 to 120 volts, as the service 
standard rather than a single nominal value. The customer’s 
meter is suggested as a convenient point since usually the cus¬ 
tomer is responsible for his own wiring beyond that point (to 
the outlets) and the drop in that wiring may vary considerably 
with different customers. 

Combined Secondaries for Lij^t and Power.—Wherever a 
load oonristing of both single-phase lighting and polyphase power 
is to be served, either at individual oustomers or distributed 
over au area, there exists the possibility of handlii^ the two 
separately as to transformers, secondaries, service wiring, etc., 
or of using a combined or oommon circuit on which both may be 
carried. The chief advantage in the use of seperste oireuits 
lies in the fact that large fluctuations in load, and Mpeoially 
motor-starting currents on the polyphase power system, are con¬ 
fined in th^ effeofs largely to that system. Th^ do not materi¬ 
ally affect ti^ voltage on the single-ifluwe i^Btem where close 
regulations is usually of more importance, unless of sufSeieat 
m^nitude to cause disturbances in the primary voltage. The 
advantage oi tine comlnzrad system lies in tiie fact that the total 
number of conductors is reduced and also in senne eases, the total 
cross-sectional area, since advantage may be taken of possible 
diversity between tlte tw> types of load, both as to time Of opera¬ 
tion and also phase an^. Where the single-ptuusS load is equally 
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balanced on all the phases, some advantage in copper eflS.ciency 
may also be gained. 

No exact criterion can be set down as to where the combmed 
circuit should or should not be used. It does not depend so 
much on the amount of either type of load as on the question of 
whether, in the particular case, the advantages are really to be 
found and in great enough degree to offset the accompan 3 dng 
disadvantages, of which there are some, as will be seen from the 
following discussion. Whether satisfactory service to both types 
of load can be rendered from the combined secondary, considering 
especially the effect on lighting of such dips in voltage as may be 
caused by fluctuations in the power load and motor-starting 
currents, will depend on the relative size of the transformers and 
of the largest motor connected. Where conditions are such that 
objectionable dips cannot be avoided without resort to excess 
capacity in transformers and secondary mains to prevent it, 
combined secondaries should as a rule not be considered. This 
usually precludes their use in districts of light or medium load 
density, since the starting currents of such three-phase motors 
as may occur in those districts wrill usually be large in comparison 
with the normal economical size of the hghting transformers. In 
heavily loaded districts, the reverse is usually true and here com¬ 
bined secondaries may often be used to advantage. The same 
is true of individual loads such as apartment houses where the 
power load is likely to be not over 20 or 25 per cent of the lighting 
load, wdth no very large motors. 

Where the combined secondary is to be used, there are several 
possible circuits which may be employed, each having certain 
marked advantages and disadvantages. It cannot be said that 
any circuit has yet been proposed which can be generally accepted 
as ideal. The most commonly used will be discussed below: 

Three-phase, Pour-wire, Y-connected Secondary.—The type 
of three-phase secondary which is best adapted for use on second¬ 
ary networks, as far as the design of the distribution system alone 
is concerned, is the Y-coimeeted four-wire system illustrated in 
Fig. 60. On this system, single-phase load is balanced on the 
three phases by being connected between any phase-wire and the 
grounded neutral, balancing being done either in the individual 
service, if it is a four-wire service, or by balancing two-wire 
services on the mains. Three-phase load is connected to the three 
phase-wires. In this way, a virtual balance of load may be main- 
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taaned all along the secondary; practically equal currentK occur 
in all three phase-wires, and transformer capacity to feetl the 
secondary is balanced on the three phases, (Usually banks of 
three siTm1fl.r single-phase transformers connected from phast' 
to neutral are used, but three-phase transformers with the neutral 
point brought out may also be employed.) Balanced voltage 
is therefore maintained along the secondary. 

From the standpoint of network operation the fact that the 
load is balanced on the three phases on the secondary is impor¬ 
tant, This precludes the necessity of balancing transformer 
installations or sub-areas on the primary feeder as is necessary 
with the delta-connected system. One continuous secondary 



can be laid down in the area to be served and there is no further 
necessity for redividing the area as the load Increaaee, in order to 
maintain balance. 

The outstandii]^ disadvantage of this plan lies in the odd ratio 
existing between the voltages used for single^phaae and for three- 
service. 'Hie ordinary standard for this ratio is 2, Init with 
this type of secondary, the ratio must be -s/Z or 1.78. That Is, 
if the voltage to lo^tral is 110 volte (for sii^^ phase), the voltage 
between phases is 190 volts (for three-phase). Similarly, if 
the phaee-tcKnesutxal volti^ge is 116 volts, the phaae-to-idjiase 
voltage is 199, and If it is 120 volte, the phaae-to-phase voltl^se 
is 2C^ volte. A standard for lamp voltage has been established 
(National Mectiio Xi^d^t Aseoeiation) at 116 volte with aooepted 
departuresof llOand 120 volte. Th«crdinaryatandard for three- 
phase motors is 226 v<dt8. It is apparent, therefore, that if tfew 
115-volt standard is us^, motor voltage will be decidedly sub¬ 
standard-very neady 10 per <»at low'—and even if the highest 
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accepted departure 120 volts is adopted, the motor voltage Is still 
over 5 per cent below standard. It might be possible to raise the 
voltage to such a point that the phase-to-phase voltage would be 
216 to 220 volts, but in this case the voltage for lamps and appli¬ 
ances would rise to 126 to 127 volts. 'Phis is much too Higl* for 
present standard heating appliances and would necessitate use of 
appliances and lamps designed for that voltage—120 volts is about 
as high as should be considered for the present Ime of appliances. 
The choice of 115 or 120 volts for the single-phase voltage is 
probably more practicable than either a higher or lower voltage, 
if this system is to be used. 

With 115 or 120 volts from phase to neutral, the voltage 
supplied to three-phase motors will be from 6 to 10 per cent below 
that for which they were designed. The practicability of using 
such a system depends, in general, on two facts: 

1 Standard motors are guaranteed by the manufacturer “to 
operate successfully at rated load and frequency with voltage not 
more than 10 per cent above or below name-plate rating, but not 
necessarily in accordance with the standards estabhshed for 
operation at normal rating. 

2. In practice, a majority of loads employ motors of larger 
rating than the actual load earned. At reduced load, a standard 
motor will operate at practically as good characteristics at 
reduced voltages as it shows at rated load and rated voltage. 

The above conditions allow a combined secondary of this kmd 
to be established in a district formerly served by sepaxate second¬ 
aries and where 220-volt motors are prevalent. It is claimed by 
those who have done so that the substandard voltage gives rise 
to few complaints. Since normal voltages regulation on such 
a secondary will naturally be small, motors even at full load will 
operate satisfactorily within their 10 per cent guaranteed voltage 
range, while in most cases, the underloaded condition of the 
motors allows them to operate with at least as good characteristics 
as at full voltage. In the oases where full voltage is necessary, 
this may be secured by the use of autotransformers on the serv¬ 
ices but it is claimed that such cases have proved to be very 
few in practice. 

Table V shows a comparison of characteristics of a typical 
standard 220-volt, three-phase, squirrel-cage, induction motor 
at 208 and 199 volts. 

’’K.E.M.A Standard. 
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TABUES V.- COMPABATIVB ChaBACTKMSTICH OK THKKB-PHAKB INDUCTION 

Motor* 

Values given in percentage of values at 220 volts 


1 

208 Volts 1 

IIMJ Volts 

100 per 
cent full 1 
load, per-1 
centage 

50 to 00 
per cent 
load, per¬ 
centage 

100 per 
cent full 1 
load, per¬ 
centage 

60 to m 
p<*T cent 
load, per- 
cent4ige 

Speed . . . 

99 7 

99 86 

m.4 

99 7 

Power factor 

100 5 


101 

l(H 

Efficiency. 

99 5 


99 

101 

Current. . 

106 2 

103.0 

110.3 

100 

Pull-out torque. 

89 

89 

HI 

81 


The introduction of a 200-volt standard motor has been seriously 
considered and there is a good probability that this will be done 
if the use of 199- or 20S-volt systems becomes at all general. The 
tendency will be for customers to buy motors rated at their serv¬ 
ice voltage regardless of whether or not a motor of higher voltage 
rating would serve the purpose. 

The above table is taken from data’^ given by H. Richter in a 
paper on “Ckimbined Light and Power Systems.” This paper 
contains a quite complete discussion of the various possible volt¬ 
ages for this type of secondary from the manufacturers' point 
of view. In spite of the apparent advantages of this system and 
its practicability as demonstrated by several iaastaliations already 
made in large cities, there are many who seriously question the 
advisability of its general adoption. Probably the chief reason 
is that on a ^tem where TSSO-volt service has been supplied at 
good voltage regulation, the reduction to 199 or 208 volts appears 
too much like a reduction in quality of service. The range in 
voltage allowed by the manufacturers' guarantee has been a 
safety factor, preventing some complaints in case of temporary 
drops in voltage which may occur due to operating troubles, 
etc. on the system. Also, it has bemi the policy of operating 
companies, in general, to discourmse overmotoring on account 
of its effect on power factor, and it appears iaoonristent to depend 
on it for satisfactory operation at reduced voltage. It is claimed 
that the introduction of an additional standard line of 200-voIt 

iRicshtbr, H, Combined and Power dbnrtcmna," Jour., A.I.E.E. 

Vol. 46, 1437. 
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motors would place an unwarranted exi>enBe on the industry, 
especially since the load carried on such secondaries will probably 
remain a small proportion of total load. In most systems there 
will be a lai^e territory semred at standard voltages in addition 
to the areas which would be served by these combined second¬ 
aries. Considerable confusion might arise from the use of dif¬ 
ferent voltage standards in the two territories since customers 
moving from one to the other might find either their lamps and 
appliances or their motors or both not as well suited. A great 
many systems use the 116-volt standard for lamps but the 120/- 
208 volt combined secondary seems to be the most favored (208 
being nearer the 220-volt motor standard). It is felt by many 
that a satisfactory combined secondary system, using the network 
principle where warranted, may be installed, using one of the 
schemes to be described below, without resorting to the introduc¬ 
tion of unstandard voltages, and although perhaps not as ideal 
as the Y-connected, four-wire system from the standpoint of 
the distribution system alone, will be more satisfactory from a 
commercial standpoint. At present, no general agreement has 
been reached on this question. Several Y-oonnected systems 
have been put into operation as have also systems using the other 
schemes. It seems probable that all of them will be used to 
some extent for some time to come and that no universal standard 
can be expected imtil it naturally works itself out. 

Before leaving the Y-connected ssrstem, a few more points in 
connection with it should be noted. On three-wire, single-phase 
service, metering cannot be done with the ordinary three-wire, 
Kngle-phase meter on account of the phase angle between the 
two (115-volt) single-phase voltages. Two single-phase meters, 
a polyphase meter, or a meter specially designed for the purpose 
must be used. This may be avoided by using heavier two-wire 
services for single-phase loads. On three-phase services, the 
metering problem is somewhat simpler than on the delta-con¬ 
nected secondary since the load is balanced. 

Another point of interest is that the line losses and voltage 
drops for motor load are increased due to the reduction in voltage. 
At 199 volts, for example, the motor current is increased approxi¬ 
mately 10 per cent at full load, hence the line loss is increased 
21 per cent, and the voltage drop 21 per cent for the same load 
and the same size of conductor. Similarly, on a three-wire, 
single-phase service, even though the load is balanced, the third 
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wire carries as much current as the other two to t,he phase* 

angle between voltages) instead of no current eis with the ordinary- 
three-wire, single-phase service. Hence, power loss on the service 
wires (and interior service wiring if the system is extended 
through the building) is increased 50 per cent and voltage drop 
is also increased. These factors may or may not be of consider¬ 
able importance, according to conditions, but they should Ije 
recognized. 

Three-phase, Four-wire, Delta-connected Secondary .—This plan, 
see Fig. 61, consists essentially of a three-phase secondary with 
all the single-phase load carried between phase-wires on one phase, 
the midpoint of the transformers on that phase lacing brought 
out for the grounded mid-wire of the single-phase secondary. 



Transformers serving this seeondaiy are, of course, connected 
in delta on the secondary edde and may be Y or delta on the pri¬ 
mary but usually are <telta. The transformer across one phase 
must be larger than those across the other two in order to accomo¬ 
date the single-phase load. The division of load on such a bank 
of taran^ormers is diaoussed in Chap. IX. 

This scheme has the advantage of offering the tuual standaud 
ratio between three-phase and single-phase voltages, 115 
volts for lighting and 280 volte for power. 

Its chief disadvantage lies in the fact that on each section of 
secondary the tinid^-phase load is entirely unbalanced on the 
phases, beixig idl carried on one phase. Balancing of the load 
on the primary feeder must be done by balancing transformer 
installations, the sii^e-phaae load being oanied on one phase on 
one, and on another phase on another, etc. This balancing is 
done in one of two ways, either by balancing alternate trans¬ 
former installations, keeping their secondaries separate, or by 
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dividing the total area into three parts and carrying the single- 
phase load on a different phase in each part, the load being 
balanced as nearly as possible by the division of the areas. In 
the latter plan, transformer secondaries may be tied together 
into a secondary bank or secondary network in each of the phase- 
areas. Since the grounded point is on a different phase in each 
area (or on each transformer installation if the first method is 
used), adjacent secondaries cannot be tied together directly 
They can be tied inductively through a one-to-one transformer, 
or similar device, if desired. With the phase-area plan, however, 
such a tie will usually be superfluous. Its purpose is to provide 
for equahzation of load and voltage between areas and emergency 



Fig. 62 .—Division of load on delta-connected network 


feed through in case of trouble but it will ordinarily be found more 
practicable to design each phase area as an mdependent network 
with sufiBcient reserve capacity for its own needs. 

The unbalance in load on transformers and secondaries intro¬ 
duces an unbalance in service voltage which is not encountered 
with the Y-connected system. This will ordinarily not be serious 
enough to cause serious difficulty but cases have been experienced 
where the unbalance has been enou^ to affect the operation of 
some of the older types of motors which were carrying rather 
heavy loads. 

The delta-connected system, if applied to a secondary hank or 
a secondary network with closed-delta transformer banks, intro¬ 
duces certain difficulties in design and operation due to the 
multiple paths through the transformers which may "be taken by 
any load. Figure 62 illustrates this. The load indicated may 
be served by any of the various paths noted and will be divided 
among them in inverse proportion to their impedances. This 
fact results in making the distribution of load among the various 
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transformers on the phase carrying the single-phase load and also 
on the other phases very hard to predetermine mathematically, 
especially if transformers of various sizes arc used. Also a 
change in size for any transformer entirely upsets the previous 
condition. A transformer replacing a smaller size on account 
of overload may find itself picking up still more of the load and 
relieving the other transformers more than was anticipated. 

This difficulty may be avoided by use of open-delta transformer 
banks if the conditions of loading are such as to make them 
feasible. In Chap. IX on ^‘Transformers” the application of 
open-delta transformer banks to combined loads is discusseti. 
It is sufficient to say here that where the single-phase load is at 

least as large in kilovolt-amperps 

. ,,■■■■ .^ ■„ as the three-phase, an open- 

i *^1^’ transformer bank will give a 

f ^ ^ better balanced voltage and more 

{ efficient use of transformer capacity 
V under the combined load than a 

\ - closed-delta bank. The open delta 

—- has the further advantige of avoid- 

Combined second- fjjg Complication of circuits 

enea—three-phaee, aoven-wire, **.. , . - 

Y-eonneoted. mentioned above. All the single- 

phase load is carried on the trans¬ 
former connected across that phase and none can circulate 
through the other phases. 

Three^kaae, 8emn->mre^ Y-connetied Secondary. —connec¬ 
tion shown in Fig. 68 is used in at least one city for network 
distribution. Both three-phase and ifdng^e-phi^ loads are 
carried on the same transformer banks thus reducing the number 


of transformer units and gaining some advantage possibly from 
diversity between them, in redudng the total transfommr capac¬ 
ity which would be neoossary with separate installations. The 
secondary mains are separate, however, consisting essentially 
of a system of three-wire, three-phase mains at 230 volts between 
phases, for power loads, and a extern of four-wire, Y-oonnocted, 
three-phase mains with 116 volts between phase-wires and 
grounded neutral on which the single-phsae load is balanoed 
among the three phases. Transformers are oonneeted in Y and 


^ve 133 volts to neutral (for the 230-volt power mains) with taps 
brought out to give 115 volts to neutral for the lighting mains. 
The system has the advantage of supplying standard voltages 
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but has tbe disadvantage of being a combined system only 
in so far as the transformers are concerned, the secondary Tnalna 
comprising two separate systems and one of these a four-wire, 
three-phase system for carr 3 dng sin^e-phase loads only. Balanc¬ 
ing small loads on such a system is somewhat more difficult 
than on a three-wire smgle-phase system and separate services 
must be used for all three-phase loads. 

Two-phase, Fxve-wire Secondary .—The two-phase, five-wure 
secondary indicated in Fig. 64 offers a satisfactory system as far 
as voltages and copper efficiency is concerned but is appUeable 
only where two-phase motors are prevalent. For such cases it 
offers standard voltages for both hght and power. Three-phase 
primaries may be used with 
Scott-connected transformers. 

A detailed study of this plan is 
presented by P. H. Chase.He 
shows httle choice in cost between 
three-phase and two-phase sys¬ 
tems employing the same type of 



primary. Considering the cost 
of changing over from one type 


Pig. 64.—Oombmed secondaries— 
two-phase, five-wire. 


to the other there seems to be little advantage to be gained in 


changing either a two-phase system to three-phase or vice versa 


in a district where either is well established. 


Size of Secondary Mains.—The proper size for secondary mains 
offers quite a field for economic study, as a rule. Something has 
been said already about the limitations of size in secondary net¬ 
works in order to provide proper distribution of load among 
transformers, burning off of faults, etc. For the ordinary radial 
secondary or secondary bank (overhead) the following conditions 
govern the choice of size of secondary wire: 

1. Mechanical Strength. —No, 6 weatherproof wire is about 
the smallest practicable size in heavy-loading districts,^ and, for 
load densities of any appreciable amount, it is doubtful if a 
smaller size is often economical, even if this were not the case. 
No. 8, if used, should be carried only in short spans. Wires 
larger than No. 00 are somewhat difficiilt to handle on over¬ 
head construction for secondaries, but No. 0000 and even 


‘ “Two-phase, Five-wire Distribution," Jour., A.I B.E, Vol. 44, 8, 
August, 1925. 

* National Electrical Safety Code. 



130 


BJLJSCTRJCAL, DISTRIBUTION BNGINEBHING 


larger, up to 500 M. cir- mils, are practicable and economical 
under certain conditions. 

2. Voltage Drop .—The secondaries must be large enough to 
give voltage at the extreme service within the prescribed limits 
and also to provide against voltage dips due to motor-starting 
currents, etc. This is especially important where possible 
transformer locations are limited. 

3- Economical Consideratzona .—For any load a study of annual 
costs will indicate a most economical size of secondary, but the 
study must also include consideration of transformer sizes and 
spacing if any variation of these is possible. 



CHAPTER VIII 


STREET-LIGHTmO CIRCUITS 

In general, street-lighting circuits may be divided into the 
following classes: 

1. Direct-current arc circuits. 

2. Alternatmg-current series circuits. 

3- Alternating-cizrrent multiple circuits. 

Alternating-current arc circuits have been used to some extent 
but are now obsolete. 

Direct-current Arc Circuits.—Direct-current arc circuits were 
formerly used quite extensively but with the development of the 
alternating-current incandescent system, the direct-current sys¬ 
tems have been quite largely superseded. Their chief use at 
present is probably in downtown districts of some cities for high 
intensity lighting, the circuits all being fed from substations. 
They are commonly supplied from mercury-arc rectifiers. 

Altematmg-current Series Circuits.—The most commonly 
used circuit for street lighting is the series circuit fed by a con- 



Fici. 65.—X>iagram of alternatins-ourrent street-lighting circuit: (a) Lamps 

in main circuit; (5) BEigh-current lamps with transformers. 

stant current transformer or regulator. The series circuit offers 
the advantage of maintaining uniform intensity of illumination 
(for lamps of the same size) at a fairly large mnxiber of locations 
spread out over a large territory and using only a two-wire circuit 
of comparatively small wire. The values of current used are 
4, 5.5, 6.6, or 7.6 amp. with the greater majority using 6.6 amp. 
Two types of lamps are used on these circuits. Those of lower 
intensity, up to 4.000 lumens, are oiierated directly on the 6.6- 
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amp. circuit, Fig. 65(a). A simple type of cutout serves to shunt 
out the lamp and maintain operation of the circuit in case a lamp 
burns out. The higher intensity lamps, 6,000 lumens or more, 
are usually operated at 16 or 20 amp. being supplied from the 6.6- 
amp. circuit through small transformers, Fig. 65(5). In case of a 
lamp burnout, no interruption to the circuit is caused, the trans¬ 
former merely continuing to operate with its secondary circuit 
open (or a cutout may bo used). 

The 20-amp. series circuit has had some use and has ctTtain 
advantages. Where the lamps to be used are all in the 20-ainp. 
range of sizes, the 20-amp. circuit allows the elimination of the 
small transformers at each lamp. The voltage of the circuit as 
a whole is also reduced to about one-third that for a 6.6-amp. 
circuit with the same load, thereby reducing the insulation neces¬ 
sary (especially applicable in reducing the cost of cables). On 
the other hand, the larger cuirent increases the line losses about 
nine times. Also the losses due to Induction in sheath and armor 
when single-conductor metallic sheathed and armored cables 
are used, increases in still greater proportion. These may bo 
reduced by use of non-metalUc sheathed cables, however, where 
such are found practicable. Other disadvante^ses are the 
necessity of using film cutouts to remove bumed-out lamps from 
the circuit, and higher voltage up the pole (underground orna¬ 
mental systems). On overhead circuits, the National Electrical 
Safety Code requires a considerably higher grade of construction 
for a 20-amp. circuit than for a 6.6-amp. where it crosses or con¬ 
flicts with communication circuits. The question is quite lately 
an economic one, whether the 20-amp. circuit will be more econom¬ 
ical, everything considered, than the lower current circuit, 
and it can only be answered by a study of the particular ease.' 

Originally street-lighting circuits were run from substations 
where the tmnsformer was located and where they could be turned 
on or off by a very simple switching operation without any Intri¬ 
cate control apparatus. With the inoxease in size of systems and 
with the more widespread use of street lighting, espedaUy along 
country highways, etc, there has come the necessity for feeding 
these circuits at other points than centrally located subetations 
and, of course, also the necessity for turning the circuit on *wd 
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off by some automatic or remotely controlled device. Several 
methods have been used for this. In each one the constant- 
current transformer may be mounted at a point remote from the 
substation or control point and, except with the separate primary 
feed, may be fed from any distribution circuit in the neighborhood. 
Supply to the transformer passes through an oil switch which is 
closed and opened by the controlling device. The chief methods 
used for this control are described briefly below. 

1. Time Clock .—The switch is controlled by a time clock set to 
operate it on a predetermined schedule. This scheme has the 
advantage of being apphcable to any point on the system no 
matter how remote, provided the primary supply is available. 
Its disadvantage lies in the necessity for winding and setting 



Fig 66.—Diagram of time-clock control for series circuit. 


the clock periodically and the inherent disadvantage in depending 
on a more or less delicate mechanism (a clock) for use where 
conditions are likely to be very adverse, such as outdoor installa¬ 
tions operating under all sort of weather conditions, inexpert 
and irregular attention, etc. 

Figure 66 shows a diagram of such an installation. 

2. Series Relay .—In this scheme, a relay is inserted in series 
with some other senes street-lighting cirotiit which is operated 
directly from the substation or control point. When this series 
circuit is turned on the relay actuates the oil switch, which closes 
and thereby turns on the second circuit. This can be extended 
by operating several auxiliary circmts by one main circmt or by 
operating another auxiliary circuit off the first auxiliary circuit, 
etc. 

Figure 67 shows a diagram of this scheme. Its advantage lies 
in a relatively simple control through the small series relay. It 
can be used, however, only where a directly controlled series 
circuit is available for operating the relay, i.e., a comparatively 
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short distance from the control point, or where H<*v<‘ral circuits 
may.be connected in cascade, beginning at the control point. 
It has the further disadvantage of allowing an interruption in 
the control circuit to interrupt all the other circuits which it 
controls either directly or indirectly. 



Fio, 67.—Diaipram of series-relay control for series circtsit. 


3. PiZot Wire .—The various circuits may be turned on by relays 
actuated by a pilot-wire ^stem running from the central control 
point to each one. Several different variations of this plan have 
been used, continuous current in the pilot wire, single 
impulses for turning on and turning off, and combinations of 



fo) Crsneral Schema (b) Each Thsnsfbrmar 

Fio. 68.—X>iftsr»ia cS plIot-wix« eoatnil for aeriM olKniit. 


impulses to control different circuits at diffeiwnt times (midnight 
circuits, all-night circuits, etc.). One system uses power from 
the neighboring 116-volt secondaiies for actuaUng the piiot>wire 
circuit, and where such a circuit is too long or controls too many 
installations to operate properly with the power available, other 
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pilot circuits are added in cascade, controlled by the m^ter 
circuit. 

Figure 68 illustrates the pilot-wire method. 

4. Gamer Currevi .—The use of auxiliary circuits (pilot wire, 
etc ) is avoided by sending out currents over the power-supply 



(a) General Scheme (b) Each Transformer 

Fig 69 —Diagram of carrier-current control for series circuit. 


circiuts at frequencies different from that of the power supply. 
Relays at each street-circuit transformer installation are tuned to 
respond to these particular frequencies, usually one for opening 
and a different one for closing, and actuate the switches accord¬ 
ingly. Figure 69 diagrams this scheme. 


Cons/ currarf' 



Fig- 70.—Diagram of independent primary feed for series circuits. 

5. Ivde/pendenl Primary Feed .—In this, a separate primary 
feed is run from the substation or control point, which feeds only 
street-circuit transformer installations and is entirely independent 
of other distribution circuits. It may be extended to any reason¬ 
able distance so that the street-hghting transformers may be 
arranged as best suited to the load. The advantages are a direct 
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and simultaneous control of aU series circuits and multiple feed 
at primary voltage (as compared with direct series feet! for all 
circuits). It is probably the most rugged and dependable of 
any of the systems of remote control. Its disadvantage lies, 
of course, in the extra line wires and substation apparatus an<i 
hence somewhat greater cost than some of the other methods 
(tune-clock control, for example). 

Figure 70 shows a diagram of this plan. 

Layout.—The series circuit may bo arranged with the two wires 
of the circuit running in parallel to each lamp, or with the open 


Subslaf/on 



(O) Combi nahon 


Fio* 7i«~Diafi:raxn of series oirouSt Isyout. 

loop, i.e,y one wire running out by one route and returning by 
another, or a combination of the two. As a matter of economy, 
the open loop is usually of advantSKse, but for locating trouble 
on the cirovut the closed-loop or parallel-wire arran^ment is 
preferable since any part of the circuit can be cut off and isolated 
by a short jumper between wires. Short sections of open loop 
as branches from a main closed-loop circuit may sometimesbe used 
to advantage and are preferable to the complete open-loop platn. 

Figure 71 shows the three plans in diagrom. 

Multiple Circuits.—^The multiple or constant-voltage circuit 
has been used to some extent in the past but its use has been more 
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or less limited by the difficxilty of obtaining a simple, reliable 
method of turmng the lamps on and off in large numbers from 
a central control point. Several solutions for this problem have 
been offered and in recent years the use of mxiltiple circmts 
has been considerably stimulated. Multiple circuits have prob¬ 
ably been more often employed for either incidental groups of a 
few lights, where constant potential distribution circuits were 
available for their supply, or for downtown “white-way” lighting 
with comparatively large capacity per lamp location, rather than 
for general street-lighting systems. With the development of 
methods for remote control, however, their general use is possible 
and has been introduced in some cities. 

The advantages of multiple circuits lie in the fact that the street 
lighting may, if desired, be fed from the same transformers as the 
local distribution load by the addition of proper wiring. While 
little advantage in reducing transformer capacity due to diversity 
can be claimed, since the street-lighting load will nearly always 
be on at the time of peak-lighting load, this load can be handled 
quite simply as would any other load in the district. The con¬ 
stant-current transformers with their relatively poor eflSciency 
and poor power factor (at partial load) are eliminated and the 
cost for transformer capacity reduced. The circuits are at much 
lower voltage (115 volts) than the ordinary series circuit and 
troubles and possibilities of interruption to service are thereby 
reduced. 

On the other hand, if the multiple circuit is of any considerable 
length, uniformity of illumination is difficult to accomplish, 
since the voltage decreases with the distance from the trans¬ 
former and unless this is compensated for in some way, illumi¬ 
nation from equal-sized lamps wiU correspondingly decrease. 
The multiple lamp is a somewhat less efficient unit than the 
higher current series lamp, especially m the larger sizes, and has 
shorter life. In one city these disadvantages have been over¬ 
come by the use of series-ts^pe lamps fed by small individual 
autotransformers built into the unit, which are connected in 
multiple across the 116-volt circuit. Differences in voltage are 
compensated for by taps in the transformer. 

The simple multiple circuit is illustrated in Fig. 72. 

As has been mentioned, one of the chief difficulties in connec¬ 
tion with the use of multiple circuits is the necessity of some 
form of remote control. This is a serious disadvantage as 
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compared with the simple series circuit controlled at a Hubstution, 
on account of the more or less complicated devices required and 
their large number, since multiple lamps cannot be controlled 
in large groups. With large units, each lamp must be indi¬ 
vidually provided with control equipment. With smaller units, 
several may be grouped on one circuit but the number is limited 



by the voltage drop in the wires. The several methods used 
for actuating the control switch axe as follows: 

1. Hand Method .—This is, of course, the simplest, but also 
the most unsatisfactory, requiring individual attention at each 
switch at least twice each day. It is out of the question on a 
ssrstem of any appreciable size. 



Vxa. 73.—Disgmm of pQot-wira ooatrol ftwr moltlpto oIrauJta. 

2, Time-clock Method .—This has the same disadvantages as 
noted under Mmilar control for series circuits, i,e., the clocks are 
comparatively delicate mechanisms and require a considerable 
amount of attention to keep running properly. In addition, 
they are likely to noake the system quite expemdve in the huge 
number required for control of individual lamps or small gproups 
on the multiple system. 
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3 Relay in Series with a Separate Control Circuity Fig. 73.— 
Several control circuits may be connected in cascade where the 
energy required for operating the switches is too great for one 
circuit. A variation of this scheme is the use of a series relay 
connected in an operating series street-lighting circuit to actuate 
the switch of an auxihary multiple circuit. 

4 Carr%er CurrerU ,—Relays employing tuned circuits which 
respond only to currents of the particular frequencies to which 






D/sir/buf/on 

transformer 


D/sfrjbufion 
mams 


Tuned 

relay 


J/S/230 K 


Mu/ft pie Sfreef 
/amp c/rct/rf 


Fig 74 —Diagram of oarrier-ourrent control for mxiltiple circnits. 


they are tuned are used to operate the control switches. Currents 
of the proper frequencies (usually one for opemng and another 
for closing) are sent out from the control point over the power 
wires, superimposed on the normal frequency current. A special 
generator is used for producing these control currents, see 
Fig. 74. This scheme eliminates the special wires necessary 
with the pilot-wire control but the apparatus is somewhat more 
delicate. 



CHAPTKR IX 
TRANSFORMERS 


The connecting link between primary (iiKtribution and 
secondary distribution, as they have been discuHsed in previous 
chapters, is the tranrformer which serves to step down the 
relatively high primary voltage to the acioondary or utiliaution 
voltage. Some consideration has already been given the trans¬ 
former in Chap. VII, “ Secondary I^istribution,*" since the design 
of the secondary system naturally involves the study of the 
proper use of transformers in their relation to the secsrndary 
wires. There are, however, a number of points regarding tran»> 
formers specifically which should be given further attention and 
will be taken up in this chapter. 

It is not within the province of this work to go into the details 
of transformer design to any extent. Not that the dcsi|^ is not of 
considerable interest to the distribution engineer, but a distribution 
transformer is a piece of apparatus which is usually used under 
conditions where it is uimttended, subjctot to infrequent inspec¬ 
tion or none at all, and must endure all sorts of weather variations 
—^heat, cold, rain, lightning, etc. In it there is lost from 3 to A 
per cent (or soxsoetimc^ more) of all the enc»gy transmitted. 
Hence, it is important that it is properly deidgned to operate 
continuously and efficiently. The study of tranaFormer design is 
a specialized subject, however, and the distribution enfdneer's 
chief concern is with its characteristics as affecting its use on the 
system. It is from this viewpoint that tramffonnera will be 
considered here. 

Elementaxy Theory.——The two-eixouit transformer oonudsts 
essentially of two separate coils of wire wound on the same iron 
core and insulated from each other. Fig. 76. 

When the te rminals of one coil, the primary oefil, are oonneotcKi 
to a sotirce of alternating potential, the secondary coil being open, 
a small current will flow through the coiL This current is called 
the ''exciting current of the transformer.'" It is made up of two 
components. One of these, the magnetizing current, is that 
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resulting from the application of voltage across the inductive 
circuit of the coil, and lags 90 deg. behind the applied voltage. 
This current produces an alternating magnetic flux in the iron 
core (in phase with itself) which interhnks with both the primary 
and secondary coil inducing an electromotive force in each. 
This electromotive force lagging 90 deg. behind the flux is hence 
180 deg. out of phase with the applied voltage and, in the primary 
coil, becomes a counter-electromotive force opposmg the apphed 
voltage. The counter-electromotive force is very nearly equal 
to the applied electromotive force, there being enough difference 
to cause the necessary exciting current to flow. 

The other component of the exciting current is that due to the 
core loss in the iron core. This is a real power loss, hence the 



Fio- 75 —Elementary diagram of 
transformer 


Core /os5 ^ App/reat 



vo/tcrcfo ^ 

ToM/ 

/oaaf carric/7r 
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r 


Fig 76.—No load or exciting current 
of transformer. 


current is in phase with the applied voltage. The vector sum 
of the magnetizing current and the core loss current is the 
exciting or no-load current of the transformer as shown in Fig. 
76. It is ordinarily small compared with the full-load current, 
of course. 

The interlinkage of the magnetic flux in the core with the 
secondary coil also produces an electromotive force in it. If the 
secondary coil is wound in the same direction around the core 
as the primary coil, this electromotive force is in opposite direc¬ 
tion to the applied voltage in the primary, i.e., if the applied 
voltage is from a to &, Fig. 75, at any instant, the secondary 
electromotive force would be generated from d to c or so that if 
the secondary circuit were closed, current would flow from c to d 
through the exterior circuit and d to c through the coil. If the 
secondary coll is wound in the opposite direction around the core, 
the reverse is true, the electromotive force being generated from 
c to d, and current in the exterior circuit being from d to c. This 
factor governs the polarity of the transformer which will be 
discussed later. 












142 


ELECTRICAL DISTRIBUTION ENUINEERINU 


If the terminals of the secondary coil are connected to an 
exterior circuit, such as a motor or a group of lamps, the potential 
across this circuit will cause current to flow as stated above. This 
current flowing through the secondary coil produces a magnetic 
fltix which tends to demagnetize the core and reduce the eflFectivo 
impedance of the primary. This in turn allows more current to 
flow through the primary coil, sufBcicnt to balance the magnetic 
flux due to the secondary current. This primary current is in the 
same phase relation to the primary applied voltage as the second¬ 
ary current is to the secondary voltage. 

The number of ampere turns in the primary and secondary coils 
must be equal (neglecting losses), hence the relation between 


primary current and secondary current is 
approximately inversely as the number of 
turm in the respective windings, i.e. 


80 90 


^ / Where / represents current, n the num- 

I 90--ber of turns, and the subscript p refers to 

^ gQ L _primary, and s to secondary. 

1 The ratio between the number of turns 

j 10/- -is called the ** transformer ratio.” It is 

^ 60 t —1-1-1-1 also approximately the ratio between the 

voltage and the voltage induced 
Tfrn 77 -V secondary, einoe the same volt- 

negleotix^ leakage. 

For example, If the primary has twenty Umes as many turns as 
the seoondaiy, the turn ratio is 20 and ihe primary voltage is 
approximately twenty times the secondary voltage (as 4,600/230). 

I-osses. ^Energjr losses in a transformer are chiefly of two 
kinds: 


1. <7ore toss due to hysteresis and draulating currents induced 
m the core. This loss has practically a constant value foe ary 
transformer regardless of the load carried provided the voltage is 
constant, hence it is a 2^hr.-a-day load on th e systfsn. Tbs 
core increases with increase in the applied voltage and fa 
matenally greater if the transformer is operated at a voltage whteh 
IS any consaderable amount above its rated vtdtage. Figure 77 
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shows the approximate variation of core loss with voltage for a 
typical case. 

2. Copper los$ due to the passage of load current through the 
resistance of the windings. Tins is an I^R loss and hence varies 
with the square of the load current earned, being Tnaximum at 
peak load and 0 at 0 load. The total copper loss experienced 
with any transformer therefore, depends entirely on the shape of the 
load curve. Copper loss is affected by the voltage applied only 



!Fio. 78.'—^Losses m typical 15 kv*a. single-phase distribution transformer. 


in so far as the load current is affected, i.e., for the same kv-a,. 
the load current is inversely proportional to the voltage, hence 
the copper loss is inversely proportional to the square of the 
voltage. 

The losses for a typical line of distribution transformers of various 
sises are shown in Table VT. These vary somewhat with different 
makes of transformers, of course. Figure 78 shows how the 
variation of losses wifii load may be plotted graphically.. 
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Tabub VI.— Losses op Typical Line op Diktbibetion Tka.nhpok.mers 
Single-phase 4,600/2,300—230/115 Volt 


Size 

Core Io«H, 
wattH 

Copper Umtif 
wnttH 
fftill load) 

IH 

25 

51 

3 

31 

85 

5 

42 

125 

7H 

54 

170 

10 

67 

213 

15 


306 

25 

119 

470 

S7H 

159 

6H2 

50 

206 

765 

76 

330 

1.200 

100 

460 

1.400 


Three-phase 4600-460/230 volt 


5 

70 

125 

7H 

80 

165 

10 

90 

210 

16 

116 

280 

26 

166 

300 

87H 

216 

600 

60 

260 

780 

76 

430 

1,000 

100 

600 

1,115 


Resistance, Reactemce, Im]>edance,—In studying problems of 
voltage regulation, paralleling transformers, division of load betiracnr 
tras^ormers, etc., it is essential to know their resistance and reac¬ 
tance. Since both primary and secondary ooils have rasistanoe and 
reactance, tl^ values for eaehmiyit be given separately. They ore 
dijBOioult to obtain in tihis form by test, however, and not of much 
use whan obtaine d , since the wh<4e trai^ormer is usually considered 
as a part of either the primary or secondary drouit in computing 
voltage drops, losses, etc. That is, the voltage drop throu^ a 
transformer cannot be given as so many volts but must be referred 
to either tire pdmaxy voltage or the secondary voltage, rrnAlring due 
allowance for the turn ratio. If ^ven as a pcmrentage, however, It 
may refer to either (and may be reduced to volts, if dedred, by 
applying it to either primary or secondary voltage as the ease mav 
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be). Resistance, reactance, and impedance of a transformer are 
therefore usually quoted as percentages and refer to the trans¬ 
former as a whole, including both primary and secondary coUs. 
For example, a transformer is said to have 4 per cent reactance, etc. 

The per cent impedance given for any transformer may be 
convemently interpreted as follows: The percentage of the normal 
rated primary voltage which must be applied to the transformer to 
cause full rated load current to flow in the short-circuited secondary. 
That is, 

Ez — 

where 

E, = applied voltage (to primary). 

/p = full rated load current (primary). 

Zp — equivalent imp>edance of transformer. 


Per cent impedance 


E' 


Hence if the per cent impedance is given for any transformer, 
the equivalent impedance in ohms, referred to the primary current 
may be found as follows: 

Let Ip = full-load primary current 


_ transformer capacity in kilovolt-amperes X 1,000 _ W 
~ rated primary voltage ~ 

_ Et per cent impedance X Ep per cent impedance X Ep 
— 


Ip 


Ip X (100) 


w 

^ X (100) 


per cent impedance X Ep’^ , 
- - - X (iob) - 


( 1 ) 


Similarly, referring to the secondary current of the transformer 
^ _ per cent impedance X F, _ 

I. X (100) 

per cent impedance X .E?,* _ 

-® 

Since 

Ep ~ nEtf 

where n == transformer turn ratio, 

^ /R? \* 

Z, 


h - (EfY 
% ~ \eJ 


= n*. 


(3) 
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• That is, the impedance in ohms referred to the primary current 
is equal to the square of the turn ratio times the iniperlancf in 
ohms referred to the secondary current. 


For a numerical exainplo aMHunu* a 2,S0ll/2SK)-vol<, traiiNforiiicr with 
5 per cent impedance given, the transforiniT enpaeiJy heing 10 kv-a. The 
turn ratio is 10. 


_ _ S X 2,300* 

loTooo X lof) 


20.4.'> oiiiiis 




26,45 

10 *" 


0.261.'} 


In problems pertaining to distribution, K*sistuncc an<l reactance 
are probably more often used than impedance. The same rela¬ 
tion holds true among the three quantities as in any electrical 
circuit, i.e., 

Z» H*-i- X*. 

whether the quantities are given in percentagcH, (per cent 
per cent R, per cent X)f in ohms referred to the primary side 
\Zp, Rp, Xp), or in ohms referred to the secondary side (jjf,, 

Xt). If any two of the quantities are known, the third may then 
be computed. 

For example, if 

per cent Z 4 per cent, 
per cent =* 2 per cent, 
per cent X « Vie —* 4 » 3.46 per cent. 

The reduction of either resistance or reactance, when given in 
percentages, to ohms, referred either to the primary or secondary 
side of the transformer, can be made by formulas similar to those 
given above for impedance, that is: 


Jip 

B. 

Xp 

X. 


per cent resistance X X„* , 
- - ohms. 


per cent resistance X X .* . Hp 

lF>r(i065 “ »* • 


per cent reactance X 

ff'X (100) “■ 


per cent reaetanee X X,* 


ohms 




(4) 

( 6 ) 

( 6 ) 

(7) 


Since the copper loss of the transformer is the loss incurred 
by the passage of the current through the reristanoe of the wind- 
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ings, (neglecting eddy currents in the windings), if copper loss is 
given m watts, equivalent resistance may be computed from it 
(or vtce versa). 

Watts loss (full load) = 


Example.—10 kv-a 
at full load. 


2,300/230-volt transformer, copper loss 215 watts 



10,000 
2,300 
215 
4 36* ° 


- 4 35 amp 
11 37 ohms 


Rm = 0 1137 ohms 


If the resistance of the primary and secondary windings are 
determined separately by direct test with direct current, the 
equivalent resistances may be computed as follows: 

Bp — resistance of primary winding 

+ n* (resistance of secondary winding). 

„ resistance of primary winding 
* ~ n* 

4- resistance of secondary winding 

VoUage Drop .—The quantities B and X, as determined above, 
may be used to determine the voltage drop through the trans¬ 
former, employing any of the methods shown in Chap. X. The 
drop must be referred to either the primary or secondary side, 
using the proper values of Bp and Xp or B, and X, to correspond. 
With the approximate formula: 

Volts drop (primary side) = (Bp cos 6 + Xp sin d) (8) 
where 

Tpi = any load current on primary—full load or otherwise 

cos 6 = power factor. 

Volts drop (secondary side) = J.j (B» cos 0 + X, sin 6). (9) 

Per cent volte drop = ygLtejr op ^ r teogg 

( 10 ) 

_ volts drop (secondary) 

E, 

For Polyphase Tran^ormers .—In dealing with polyphase trans¬ 
formers or transformer banks it is usually more convenient to use 
the quantities B, X, and Z aa applying to phase-to-neutral rather 
than phase-to-phase circuits. 
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The formulae given above were derived for ftingie-phuHe con¬ 
ditions. If it is desired to use them on a thnu'-phase transformer 
or a three-phase bank of single-phaso transfornierH, the load across 
one phase (one-third the total) must be used, and th<* reKuits thus 
obtained refer to the pha«e-to-pha«e condition. If phase-to- 
neutral characteristics are desired, howev<‘r, fliey may be 
obtained by dividing the phase-to-phuse charact(‘riHticK by 8. 
This IS evident when it is observed that It, X, an<l % (in ohms) 
are proportional to the square of the applied voltage. Since the 
phase-to-neutral volti^e is l/-\/3 times the phasc’-to-phase 
voltage, the ratio between phase-to-phase an<i phase>to neutral 
characteristics is, of course, 3 to 1. Expressed matheniaticaily, 

if IT = total load on the three-phase installation (in watts), 
Wp = phase-to-phase voltage. 


Phase^to-phase. 

n per cent resistance X Ep* X 3 . 
Rp^ - - ohms. 

^ per cent reactance X Ep* X 3 , 

IF X (100) ‘***”*’'- 

„ per cent impedance X Ep* X 3 . 

Z. - -r x (100) - 

PJwiae-Ixi-meuJtral. 

» _ P®*" resistance X , 

ohms. 


(H) 

( 12 ) 

(13) 

(14) 


etc., i.e.y the same expressions as given for single phase but using 
total three-phase load for W, 


Bxample.—25 kv-a. 4,600/2S0-volt, three-phaae tnuutformer 
per cent R - 1.86; per cent X - 3.13. 

Ph^e^o-nevirat, Rp - gjr^‘;^*^To6 “ **’'’'* “I*"™*- 

- 0.0894 ohme. 

V . 8.18 X 4,600* o- . . 

" 26 X 1,000 X io 6 " 

^ - 0.0662 ohms. 


Transformer Ccnmectioois.—A volume ocHild be written about 
various transformer oonnections but here the discussion must be 
confined to those most ordinmily used in distribution pracdce: 
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1. Single-phase, Two-wire, Fig, 79.—Standard single-phase dis¬ 
tribution transformers are generally designed with the secondary 
coil in two parts, which may be connected either in parallel for 
two-wire operation or in series for three-wire operation. The 
two-wire connection as shown is, as a rule, used only for very 
small loads on account of the low voltage. Another two-wire 



Fio 79—Transformer connections— Fio. 80—Transformer connections— 

single-phase, two-wire. single phase, three-wire 


connection which is sometimes used, especially for single-phase 
power loads, is similar to that shown in (2), below, with the middle 
wire omitted, giving 230 volts between wires 

2. Single-phase, Three-wire, Fig, 80.—This is the most commonly 
used coimection for general single-phase distribution. Load is 
balanced between the two 115-volt circuits. With perfect balance, 
no current exists in the middle wire, the load being in effect carried 
at 230 volts on the circuit formed by the two outside wires. 




Fig* 81.—Transformer connections—two-phase, three-wire. 



3. Two-^hase, Three-wire, Fig, 81.—Commonly used for serving 
two-phase motors. Single-phase load can also be served from one 
transformer by bringmg out the midpoint to a fourth wire as in 
(a). Load and voltage are unbalanced thereby, since aU the single¬ 
phase load is on one phase. 
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4. Two-^hase, F%ve^re, Fig. 82.—Commonly utaid for combined 
single-phase and two-phese power loada. Singlc-phuKc loud is 
balanced among the four 116-volt circuits (to neutral). Two-phase 
motors are connected to the two phases at 230 volts (or 115 volts 
if desired). This is the most eflScicnt two-phase circuit but n^quires 



L_ "il— 

Fio- ii2.—Transformer conncctiotiti— 


a con^derable amount of load to obtain a proper balance on so 
many circuits. 

5. Three-phase, DettOi-deUa, Fig. 83.—This connection is com¬ 
monly used for serving power loads from three-wire primaries, using 
sin^e-phase transformers (one on each phase). Certain lines 
of three-phase transformers are also made with this connection. 



Fta, 83.—Tranaforoiar oonneotion*—tiuwe^luuM, ddltM-dk^tH. 


It has the advante^ of aUowing the transformer aeroas one ptauae 
to be disooimeoted in an emerigent^ and still maintain qperatioew 
on the other two in open ddta, see (8). Sini^e-pliase load may also 
be carried by bringing <mt the naidpoint of one fdiaae to a fourth 
wire as indicated in (a), XiOad and voltage are thereby unbalanoed 
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since all the single-phase load is on one phase. This connection is 
discussed in Chap. VII under ''Combined Secondaries” and ‘also 
under "Closed Delta versus Open Delta for Combined Load.” 




Pig. 84 —Transformer connections—three-phase, Y(star)-delta. 

6. Three^hase, Y-deUa, Fig, 84.—This connection is probably 
the most common for three-phase transformers. It is also used 
with four-wire primaries (4,000 volt, etc.) since standard ratio 
transformers (2,300/230 volt) give proper secondary voltage when 



thus connected. A similar connection to (a) m Fig 83 may also 
be used on the secondary. 

7. Three-phase^ Y-Y, Fig, 85.—This connection is chiefly used 
for serving Y-connected, combined single-phase and three-phase 



Pig. 86.—Transformer connections—three-phase, delta^Y. 


secondary systems from four-wire (4,000-volt) pnmary mains, 
using single-phase transformers. Single-phase load is balanced 
on the three 115 volt (to neutral) circuits and three-phase loads 
connected at 109 volts on the three phases. The Y-connected 
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secondary is further discussed in Chap. VH under “Comhined 
Secondaries.” 

8. Three-phase DeUor-Y, Ftg. 86.—This connection is userj to 
serve Y-connected secondary systems from three-wire primary. 



Pia* S7,—Transformer connections—three*phii«c, opert-cicltii. 


It is not commonly used otherwise for distribution transformer 
connections. 

9. Three-pha^y Openif-deHay Fig. 87.—^Three-phase IckwJs can be 
carried with two rin^e-phase transformem by this connection. It is 
quite commonly used as a temporary emergency connection 



Fio. 88.—Traiisfona«r <Kma«e^n»—^hn»- to twi>>phsw (JStoaC). 


although the voltages ate unbalanced oonsidembly. It can be used 
for single-'phase load also as indicated in (a) and it is diown beknr 
that for combined loads of a certain chara^r this ia a very advaap 
tageous connection. On the opexH^ta connection, with two 
transformers of the same size, only 86 per oexxX of the total caipetelty 
of the transformers (in balanced three-phase load) can be carried 
since line or Y current passes through both ttansformera. 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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0-6 and 5 in h-c. The secondary voltage a -6 is 
the primary voltage a-c. The current in 6 -a is ^0 M that 
in b-c. Hence, the primary current (same as current in b-c) 
is equal to one-third the secondary current which is equal to 
the sum of the currents in 6 -c and 6 -a. This is as might bo 
expected from the relation between primary and secondary 
voltages. 

Autotransformers are sometimes used for supplying primary 
circuits of one voltage from primary circuits of another voltage, 
especially as more or less temporary installations during opera¬ 
tions of changing the primary voltage of a system, as from 2,800 
to 4,600 volts. If an ungrounded system is used, it should be 
remembered that an accidental 
ground on one side of the higher 
voltage circuit, as indicated in 
Fig. 90, will impose the full volt- 


y*o. 90.—Two-to-oae autotransformer F«o. 91.—Distribution transformer 
with around on high side. connected as an autotranaformer. 

age of that circuit on the lower voltage circuit (line to ground), 
which may be dangerously high for some of the apparatus or 
cables connected to it. 

Autotransformers as boosters (or bucks) are quite commonly 
used on primary circuits to increase (or decr^uae) .the voltage 
somewhat at certain points. For this purpenae the ordinary dis¬ 
tribution transformer is quite often used, connected as an auto¬ 
transformer as shown in fig. 91. More details on this connection 
are given in Chap. X. 

Small autotransformers, called'^balance coils,*'axe often used on 
secondary circuits either to obtain a 115-volt, three-wire circuit 
from a 230-volt, two-wire dbrouit (used in indmtrial plants where 
the main service is 230 volts, three-phase and a smedl amount of 
lighting is to be carried) see Fig. 92, or to balance a load which is 
connected at 115 volts (or lai^ly unbalanced on a three-wire. 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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a to c is equal to the sum of the normal voltages o-h and c-d, 
the transformer is said to have additive 'polarity. If the voltage 

so measured is equal to 
the difference of voltage 
Orh and o-d, the trans¬ 
former is said to have 
eubtractive polarity. 
Most distribution trans¬ 
formers are now built 
with additive polarity. 
If it were found noces- 
sary to tie together two 
transformers, one with 
additive and one with 
subtractive polarity, it 
would be necessary to 
reverse the connection of 
one, that is, connect c 
terminal on one trans¬ 
former with d terminal 
on the other. 

Three-phase 
formers. —The 
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Fiq- 94.—Standard transformer vector diagrams 
and load markings 


6noupl 

F/g.l4 


Group 2 
Fig.M 


A 


Trans- 
polarity 

of three-phase transformers is not so simple, considerations of 
phase rotation, marking of leads, and type of internal connection 
being involved. Figure 94 
gives voltage diagrams of the 
various types of standard con¬ 
nections. Figure 96 shows 
the lelation of voltages when 
one primary lead and one 
secondary lead are tied 
together, with delta-delta 
and Y-Y transformers. It is 
apparent that when three- 
phase transformers are paral¬ 
leled, care must be taken that 
they are of the same polarity. 

Single-phase versus Three-phase Transformers.—For carry¬ 
ing three-phase loads, three-phase transformers are available or 
banks of single-phase transformers may be used. The question 



TXf 

Fxo* 96*—Voltage relatione of three- 
phase transformera (delUwlelta and Y-Y) 
with one primary and one a^ondary lead 
tied together 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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formers, although being all earned on one phase of the primary. 
Figure 96 indicates such a connection. If all three transformers 
are of the ^ftme size and of similar charactenstics, the impedance 
of the path which secondary current may take through a-c -6 
is twice that through o- 6 - These two paths being in parallel, 
one-third of the current will pass through o-c -6 and two- 
thirds through 0 - 6 . The capacity of the bank for carrying 
'single-phase current is hence 60 per cent greater than for single- 
phase transformer o -6 alone. For example, a bank of three 
60-kv-a. transformers could carry 75 kv-a. single-phase load on 
any one phase. This is a wasteful method of using transformers 
capacity, however, if single-phase load only is to be carried. 

Closed Delta and Open Delta for Combined Load.—It very 
often occurs that both three-phase and single-phase service is 
required by a customer or group of customers and it is convenient 
to carry both on the same transformer installation. Such a com¬ 
bined installation should be used only where the starting current 
of the largest motor connected is small enough in proportion to 
the lighting load that transformers used can carry it without pro¬ 
ducing undesirable dips in the voltage at the lamps. Various 
connections for accomplishing this are discussed in Chap. VII 
under “Secondary Networks.” If the delta connection is to 
be used, there are two choices, the closed delta, using three trans¬ 
formers with the one on the lighting phase larger than the other 
two, and open delta, using one large transformer on the lighting 
phase and one smaller one on one of the other phases. 

Where the three-phase load predominates and the single-phase 
is much smaller, the closed-delta installation, with one trans¬ 
former somewhat larger than the others perhaps, is usually the 
better of the two types. When the sin^e-phajBe load predomi¬ 
nates, however, f.e., is at least as large in kilovolt-amperes as the 
three-phase, it will be fotmd that the open-delta connection is 
preferable. It can be shown that a better utilization of trans* 
former capacity is obtained and less voltage unbalance at full 
combined load. The reason for this is indicated in Figs. 97 and 
98 in which an analysis of the voltage and current vectors of the 
two coimeotioxus is shown. On Fig. 97 for the closed delta it 
is assumed that the transformers axe of similar characteristics 
with one {X-Z) three times a& lai^ as the other two in order to 
carry the lighting load. The load ts divided into component 
currents across each phase. It is apparent that the laxge trans- 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 


Pig 89 —Auto transformer. 



160 


ELECTRICAL DISTRIBUTION ENGINEERINO 


In Fig. 98 the resulting open-delta currents are shown when one 
phase is opened and its current added (in reverse phase) to those 
already in the other two phases. 

Figure 98 (a) indicates that if one phase (Y-Z) is opened, the 
currents in the other two phases are not increased greatly and the 
power factor in X-Y is considerably improved, that in Z-X being 
lowered slightly. The restdt, for all practical purposo.s, is that the 
two transformers are operating at very nearly unity power factor 
and at not much greater current than they carried when the third 
transformer was present. Thus the advantages claimed above. 
Figure 98 (6) shows the importance of selecting the proper phase to 




Fig. 98.—Comparison of open- and cU>»cd-didta currrats: <«) phuiw* 

open; <6) phase 


open. If the wrong phase is opened (XY), the reverse of the alxive 
described conditions is experienced. Care should be taken that 
the power transformer of the open delta be connected from the 
phase wire common to the two transformers to the phase which 
lags it by 120 deg., the lightmg transformer being coimected from 
the common phase to the phase which leads it by 120 d^. 

A further advantage of the open delta is that if the large lighting 
transformer drops out for any reason, its load is not thrown on 
the small power transformers as it is with the closed delta. If used 
in bank or network with other transformer banks, the open delta 
makes a much simpler system to dekign and operate than the 
closed ddta. 

It would seem from the above that advantage» ^own for the 
open-delta connection warrant its recognition as not only a tem¬ 
porary expedient or more or less of a makeshift but also as an 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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Voltage Drop—Closed Delia or Open DeiUa. 

Vn = [I(fin cos 4> + dn Sill Io(en cos 4>o + fn sin 

in per cent (20) 


(subscript n refers to the particular transformer 1, 2, or 3 under 
conmderation) 

Closed Delttv 


Where 

Cl = ri(A + 1) —xiB 

Ci = r*(l — 0.6A — 0.866B) + xt(0.5B — 0.866A) 

ct - r,(l - 0.5A + 0.8665) + a:.(0.65 -f 0.866A) 

cZi = a!t(A + 1) + riB 

d, = a;i(l — 0 6A - 0.866B) - r*(0.5B - 0.866A) 

d, = xtil - 0 5A -t- 0.8665) - r,(0.65 + 0.866A) 

ei = ri(l — at) — xj>i 
e» = 0.6(rsai •+■ xtbi^ + 0.866(x3at rs6i) 

Cj = 0.6(r»<ii + ^t&i) “ 0.866CaJ»a!i —■ rifii) 

/i = Xi(l — <xi) + ribi 

fa *= 0.5(2Siai — rj6i) — 0 S66(rsai + xi&i) 

ft = 0.6(2:301 —• Tjftj) + O.SOOCrtai + xd>i 1 


Open Delta 

Cl “ 1.6fi + 0.866®i 
Ct 1.6ri “ 0.866iBs 

c« ■= 1.6(ri 4- ra) — 0.866(a5x + as*) 
di •= 1 6a:i — 0.866ri 

da ■“ 1.5a;* + O.S 66 rs 

d* =» 1 S(,xi 4" a;*) 4” 0.866(**i 4“ r*) 

Cl = ri 

e* “ 0 

c* ■“ O.Sfi —• 0.866a;i 
fi - »i 
- 0 

/. « 0 5a;i 4- 0,866ri 


^e.—Distribution transforms are pretty well standardised 
as to Movolt-ampere capacity the manufacturers as follows: 

Single-phase Transformers, —3, 5, 10, 16, 26, S7H, 

50, 76, 100, 160, 200 kv-a. 

Three-phase Transformers, — 6, 7}^, 10, 16, 26, 60, 76, 100, 160, 
200 kv-a. 

It is probably not good policy, in most cases, for an operating 
company to cany all of these standard siz^ in their own stock. 
In the smaller sizes especially, some of the intermediate sizes, such 
as 3 and 7^, can be omitted without inconvenience. The larger 
tnzes, over 100 kv-a., are more in the power-tranafcarmer dass and 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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short duration, such as the characteristic lighting load, will not 
continue long enough to bring about such a temperature. Con¬ 
versely, a much higher load of this characteristic may bo applied 
before the maxunum allowable temperature is reached. 'That is, 
with characteristic hghting load, a distribution transformer may bo 
expected to carry a load of considerably more than its rating without 
injury. Figure 99 illustrates this fact, showing the results of a 
test on a 6-kilovolt-ampere single-phase distribution tran.sformcr 
with a load of 175 per cent of its rating, i.e., 8.75-kiIovolt-ampcro 
peaJc.^ Hot spot temperatures were taken with thermocouples 

introduced into the wind¬ 
ings at various points. 

Another factor which 
favors the increase in 
allowable loading, in 
some localities at least, 
is the fact that max¬ 
imum load for the year 
is not likely to occur with 
an ambient temperature 
Time of Day w anf' of 40*C. (lOt^F.). Peak 

Pia. 90 —Test on 5 kv-a distribution trans- load for lighting usually 
former with 175 per cent charaoteristio lighting comcs at night and the 
load. . e - 

maximum p(»k for the 
year comes in the winter. In northern latitudes at l<»st, this 
is accompanied by an ambient temperature much b^ow 104®F., 
more likely to be SS^F. or below. This, of course, with out¬ 
door transformers, reduces the hot-spot temperatmo for a given 
load accordingly and hence allows still greater increase of loading 
beyond normal rating. Of course, this condition is not true for 
all transformers carrying lighting load. If a considerable amount 
of range load is present, for example, enough to create the 
peak, the maximum load may come at 6 o’clock or earlier and be as 
great (or greater) in summer as in winter. Such loads have a short 
peak, simi lar to that for characteristic lighting load, however, so the 
first factor discussed remains mom or less the same. A quite com- 
ifiete exposition of the possibiliti^ of loading transformers is given 
in a Serial Re/port, Overhead Systems CJommittee, National 



1 2 3 4 5 G 7 8 9 JO II 11 
Noon M’ol’nH 


‘ CoitB, Habold, “The leading of Distribution Tranaformers.’’ IPapet 
presented before Annual Meeting of Great Lakes Division. N.EX.A.. 
Sept. 25, 1024. * 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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use of the mfl.yimiim allowable temperature as a limit for trans¬ 
former loading which should be careftilly considered before it is 
employed to any great extent. These are as follows: 

1. While the lOS^C. temperature limit is asstimed to be a safe 
operating temperature limit, it is claimed by some that even at 
this temperature, the life of the insulation is decreased from what it 
would be if operated only at lower temperatures. 

2. Even if a transformer could be loaded with safety to 150 
or 200 per cent of its rating, the voltage regulation is correspond¬ 
ingly increased. If the allowable regulation at the customer 

is limited by law or good practice 
to a certain value, this must be 
divided between secondary, trans¬ 
former, and primary line without 
allowing an undue proportion to 
any one. With even 160 per cent 
load, it will be seen from Pig. 101 
that the transformer regulation 
rises to 4 or 5 per cent at ordi¬ 
nary power factors of 90 to 06 per 
cent. This is often too large a 
proportion of the total to assign 
to the transformer. In order to 
keep within the prescribed iimita, 
the regulation on either primary 
or secondary or both must be cor¬ 
respondingly decreased. It may or may not be economical to do 
this. It is a matter for a thorough study of the factors of cost 
involved. 

3. The overload capacity allowed by temperature limit may be 
a very useful quantity as a reserve capacity to take (»tre of sudden 
unforeseen increases in load. As a rule, line transformers cannot 
be inspected at very frequent intervale and it is almost impossible 
to take care of all such increases in load in advance. If the 
practice is to load transformers to their limit ordinaarily, the 
increase may very well be enou^ to hvtxn them out. 

This factor is of special importance where the system of bank¬ 
ing transformers is employed. Here it is anticipated that one 
transformer in the bank may drop out and its load stUl be carried 
on adjacent transformers in the bank. It is essential, therefore, 
that these adjacent transformers have some reserve capacity to 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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In general, it may be said that the most economical condition 
is that for which the transformer is as near as possible to the load 
center of the load which it is to carry, is just large enough for the 
load (taking account of such overload capacity as is deemed advis¬ 
able under the circumstances), and with secondary Just large 
enough to give the limiting voltage regulation to the farthest 
customer. Where one large concentrated load predominates, the 
best location for the transformer is, naturally, near that loa<l. 
With a limited number of standard sizes of transformers and 
secondary wire and with continually increasing loads, it is 
impossible, of course, to maintain such conditions generally over 
the system, but it is the ideal toward which average conditions 
should be pointed. 

Banldng Transformers.—The practice of tying transformers 
together on the secondary side into secondary banks has been 
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Fig. 102. — Traneformors in socondary hanka. 

taken up before (Chap. VII), as to its advantages and disadvan¬ 
tages and also somewhat as to the performance of transformers. 
A little more wiU be given here on the distribution of load under 


normal and emergency conditions among transformers in such 
banks. The figures given refer especially to overhead systems, 
where the secondary impedance is relatively high, although the 
same methods can be followed for underground systems. 

Referring to Fig. 102(o), if o and & are two transformers of 
the same size and characteristics, symmetrically placed on the 
secondary, and the load is uniformly distributed, both tirans- 
formers will be loaded equally. If one drops out, the other will 
take up its load as far as possible, limited only by the change in 
load due to voltage drop. For lifting load, the current varies 
approximately as the 0.58 power of the voltage (very nearly as 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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voltage drop in the transformers, including consideration of 
line drop. For example, with all three the same size, and 3 per 
cent m axim um normal drop, assume c drops out. If 6 took all 
of c’s load, without dropping any of its own, conditions would be 
as in the first case described. The voltage at &, however, would 
be 2 per cent lower than formerly. Hence, it would pass along 
some of the load between a and 6 to a, relieving its load somewhat 
and raising its voltage. A balance is thus reached when sufficient 
load is transferred to equalize the voltage at some point between 
the two. In this case, this occurs when somewhere in the neigh¬ 
borhood of 7 or 8 per cent the original load of 6 is transferred to a. 
In other words, most of the load of c is thrown on the adjacent 
transformer &. If the transformers are not of the same size but 
6 IS larger compared with c, the result may be safe operation. If 
h is smaller than c, however, somewhat more of its load will bo 
transferred to a but even so the overload may be disastrous. 

Such analyses might be continued indefinitely, but enough has 
been given to indicate the method which may be followed. For 
more than three transformers, or for arrangements other than a 
straight bus secondary, the analysis will be much more difficult. 

In general, it may be said that in banking transformers, the 
following irules should be observed. 

1. Each transformer should be tied in to at least two adjacent 
transformers where possible, i.e., a ring or network system. 

2. Where this is not possible and a transformer must be placed 
on the end of a line with only one adjacent transformer, that 
adjacent transformer should have sufficient reserve capacity to 
carry most of the end transformer’s load (80 per cent at least). 

3. For any part of the bank, each transformer shoxzld have 
adjacent to it transformers with sufficient reserve capacity to 
carry at least 80 per cent of its load. 

4. It is preferable not to have very large and very small trans¬ 
formers in the same bank, but this is not prohibitive if they are 
of proper capacity for the load and for reserve capacity, and prop¬ 
erly arranged. 

6. Transformer fuses must be of proper size to allow the reserve 
capacity to be efieetive. 

Testing and In^ecCUm.—Practice among dififerent companies 
in the matter of testing and inspecthig line transformers differs 
widely, ranging from no periodie tests or inspection at all (depend¬ 
ing on service interrui>tionB or low voltage to indicate imaged 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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ing load, or load where the peak is likely to be at some other time 
of day, recording meter checks are taken over a period of a day 
or so. In the spring, after the winter peak is well past and the 
weather is warmer, a careful inspection is made, including a 
visual inspection of transformer oil. In the case in question, 
the practice is to bank several distribution transformers together 
on the secondary side, hence a transformer may be out of service 
for some time, especially dunng the summer period of light load¬ 
ing, without giving rise to service complaints. Hence, another 
inspection, especially to discover blown fuses and any burned-out 
transformers, is made after the summer lightning season is past 
and before the winter load begins to come on. Naturally, where 
transformers are not banked, such damage will be immediately 
evidenced by an interruption to service and the inspection will 
not be necessary. Three-phase transformers are tested and 
inspected once a year, usually during the summer. Occasional 
special tests in particular cases both on single-phase and three- 
phase transformers are also necessary, of course, where a large 
increase or decrease in load is known or expected. With such 
a system of test and inspection, it is possible to keep the trans¬ 
formers loaded to a fairly high average percentage of their capac¬ 
ity without fear of unforseen load increase causing dangerous 
overloads. Also the periodic voltage check is a valuable index 
of service condition. 

The question of using temperature indicators as a basis for 
loading transformers instead of spot-load readings with an indi¬ 
cating ammeter has been discussed to some extent above, llie 
disadvantages of the ammeter method are the facts that the tests 
indicate only the load at the particular time of day and the partic¬ 
ular day in the year when they are taken and no indication is had 
of what it is at any other time, or whether that reading is any¬ 
where near the actual yearly peak. Also, the test requires a 
considerable amount of time for each transformer and skilled 
testers to make it. The temperature indicator avoids these faults 
to some extent, being installed on the transformer and ready to 
show maximum load, and in some types also an indicating reading 
of load at the time, and requiring only a quick visual inspection to 
determine if it has been tripped by overload. On the other hsmd, 
the temperature indicators so far produced cannot be depended 
upon to indicate with any degree of accuracy actual load in kilo¬ 
volt-amperes or its balance or direction, and these are important 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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VOLTAGE DROP ANO REGULATION 

Since all apparatus for the utilization of electric current is 
designed for some particular applied voltage and is limited to a 
certain range of voltage, above and below that rating, for satis¬ 
factory operation, it might be said that the task of the distribu¬ 
tion engineer is essentially that of supplying every customer with 
a voltage which does not fall below a certain dehned value under 
the heaviest load condition nor rise above a certain other defined 
value at the time of lightest load. The whole distribution sys¬ 
tem, including transmission, substation apparatus, feeders, trans¬ 
formers, and secondaries, is designed on the basis of transporting 
the maximum amount of current which the customer will require, 
from the generator to his service switch, and delivering it at a 
voltage, not only of a satisfactoiry value under this maximum 
load, but also of a satisfactory value at any other load from O to 
that maximum, z-c-, with a satisfactory range of regulation. 
Regulation is defined as the percentage which the difference 
between full-load voltage and no-load voltage bears to full-load 
voltage. Just what the normal service voltage should be and 
what should be considered a satisfactory range will depend on 
local conditions somewhat, type of service, etc., and is sometime 
governed by law. In previous chapters these points have been 
discussed to some extent for variotis types of load. In general 
it may be said that, since general service motors are usually 
given a guarantee of satisfactory operation at lO per cent above 
or below rated voltage^ e»nd rated voltage is ordinarily 220 volts, 
these limits (198 to 242 volts) should not be exceeded. For 
lighting load, a total range of 8 to 10 per cent in regulation is 
usually about as large as should be considered for good service, 
the actual limits dependixig on the rating of lamps used, whether 
motors are connected to the same circuits, etc. For a system 
serving misoellaneous light and power and using 115-volt lamps, 
for example, a "satisfactory range for i^neral service might be 
chosen as 110 volts minimum to 120 volts maximum, the maxi- 
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10 Three^hase to Two-phase (^ScoU), Fig. 88.—Two-phase 
loads are qxiite often served from three-phase primary systems 
The connection shown can be quite simply made with standard 
transformers if one transformer has an 86 per cent tap. The 
two-phase secondary may also be connected as four-wire or five- 
wire as shown in Rgs. 81 and 82, if desired. 

Autotransfortner.—^While not as commonly used on distribu¬ 
tion circuits as the two-eircuit transformer already discussed, 
the autotransformer should be well understood since it h«.s certain 
uses, notably for boosters and for balance coils. 

Essentially, the autotransformer consists of a single coil wound 
on an iron core with three terminals brought out, one at each 
end of the coil and one from an intermediate tap whose location 
depends on the voltage ratio ^ 

desired, see Fig 89. The high 
voltage circuit is connected to the 
end terminals a and c, the low 
voltage circuit to one end terminal 
and the intermediate terminal a 
and h. The action of the trans¬ 
former is similar to that of a two- 
circuit transformer in that the 
core is magnetized by a mag¬ 
netizing current from the primary circuit and the interhnkage 
of this magnetic flux with the coil produces a counter-electro¬ 
motive force in the coil. If, for example, the primary voltage 
is applied across o-c, an electromotive force very nearly equal 
to it is produced in the coil from c to a opposing the passage of 
any considerable amount of current. If, however, an exterior 
secondary circuit is connected from a to 6, the voltage across that 
circuit bears the same ratio to the total voltage a-c as the num¬ 
ber of turns in the coil from a to 6 bears to the total number of 
turns from o to c. Current will flow in the secondary circuit in 
inverse proportion to its impedance. This current divides at 
h as shown by the arrows, part flowing from & to a throu^ the 
coil, the remainder from & to c and thence through the exterior 
primary circuit to a, forming the primary current. The propor¬ 
tion in which the current divides at h is such as to balance the 
magnetization caused thereby in the two parts of the coil, z.e., 
inversely as the number of turns in the two parts. For example, 
assume 16 turns in the whole coil from a to 6, 10 of which are in 
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Secondary line drop = 4 volts at full load. 

240 X 10 =» 2,400 volts 
2,400 — 40 = 2,360 volts on line. 

2,360 volts — 80 volts line drop — 40 volts transformer drop = 2,240. 

o 240 

■ 224 volts; 224 — 4 volts secondary drop ~ 220 volts nt custonior 

Voltage at customer at no load same as at generator, since lino and f niiis- 
formor drops are 0 at 0 load. 

Regulation =* =01 percent. 

3. Assume the same conditions as m 2 except that the step-up trans¬ 
former has taps inserted to give 50 volts higher than a straight 10 to I 
ratio and the step-down transformer also has taps to give 5 volts higher 
(on the secondary) than a straight 10 to 1 ratio. 

Then, 

240 X 10 + 60 « 2,460 volts; 2,450 — 40 2,410 volts on line. 

2,410 — 80 (line drop) — 40 {step-down transformer drop) ** 2,200. 

2 290 

~10-1" S ” 2134 volts on secondary; 234 — 4 (secondary drop) « 230 

volts at customer at full load. 

This is 10 volts less than at the generator. However, with the trans¬ 
former taps cut m, the no-load voltage is raised as well as the full-load 
voltage, hence the no-load voltage at the customer is 

240 X 10 + 60 « 2,460. 

+ 6 « 250 volts at no load. 

250 — 230 

Regulation -• — - -• 8.7 percent. 

The above examples illustmte the fact that although the cus¬ 
tomer’s voltage at full load may be increased by the use of higher 
generator voltage or odd ratio transformers (taj^) the regulation 
or range in voltage from no load to full load is not thereby 
improved. This can only be done by employing some means 
for changing the voltage as the load changes, raising it at high 
loads and lowering it at lower loads. The most commonly 
used means for accomplishing this are: 

1. By varying the generator voltage. 

2. By tap changing (under load) transformers or their equivalent. 

3. By ^^chronous condensers operated as regulators.^ 

4. By induction regulators. 

The first three of these methods belong to the transmission 
system so will not be taken up in detail here. They may serve. 
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however, to take care of a greater part of the regulation of the 
system up to the substation from which distribution feeders are 
run. The substation pressure may even be varied somewhat 
during the day by these means, to take care of characteristic 
periodic changes in load. For example, the substation bus might 
be kept at an equivalent pressure of 120 volts during the day when 
the heavy load is on and dropped to 118 volts at mght when the 
load is off, by varying the generator voltage. 

Induction Regulator.—The most common means now employed 
to correct fluctuations in voltage on distribution feeders is the 
induction regulator. It also serves to adjust the voltage on the 
line in such a way that a practically constant voltage is main¬ 
tained at a point some distance from the substation, if desired, 
under all variations in the load. 

It is not within the province of this work to take up in any 

detail the theory and design of the induction regulator.^ It is 

sufficient to say here that „ , 

/fesuffcmr i'o/r&gr» 

-- 


OngJncil vo/fcrg^ 




Fia. 


104 —Vector diagram for single-phase 
induction regulator. 


the induction regulator 
is, m effect, a variable 
ratio transformer added 
to a line to raise or lower 
the voltage as desired. 

A single^hase regulator adds or substracts a voltage very 
nearly in phase with the line voltage as shown in Fig. 104. This 
voltage changes in value with the operation of the regulator from 
neutral to full boost (or buck) but does not change in its phase 
relation. 

A three-phase regulator, on the contrary, adds to the voltage 
across each phase a voltage of a constant value no matter what 
the position of the regulator may be. That voltage is not in 
phase with the. line voltage, however, except at full boost or 
full buck position, see Fig. 105. At any intermediate position 
the voltage is out of phase with the hne voltage, hence the result¬ 
ant of the two is less than the arithmetical sum an amount 
depending on the angle between them. At a little less than 90 
deg. the regulator is in neutral and no voltage is added or sub¬ 
tracted. It should be noted that the three-phase induction regu¬ 
lator rotates ^e phases of the line voltage out of their original 
position due iR the addition of another voltage vector, i,e., the 

* For this the reader is referred to Gbhbkxnb, B. F., “The Inductioix 
Voltage B^ulator,” General Meotnc Company. 
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resultant voltage at any position (including neutral) is somewhat 
out of phase with the original voltage. Hence, if two lines, 
^ each with a three-phase reg- 

1 A ulator connected, arc tied 

together, unless the two rcg- 
cft^i >A ulators are in exactly the 

i same position, the resulting 

\ line voltages arc out of phase 

V a circulating current is 

'''' 7 ^ likely to result. 

)C^~' some cases it is advan- 

Voffaqe acldecfby tageous to use ttingle-phxtse 

^Rangeofregufafor reguMors instead of a three- 

pceitmn''')::^‘L^,^Resulfanf-yo/fage phase regulator for regulcding 
I a three-phase line. Where the 

Fullboosf^ Full buck ''"Orfg^/ load is unbalanced to any oon- 

, , . , siderable extent, balanced 

Voltage to Noutra|.on,Phao« ^,,5^ 

th® compensated 

cannot be obtained with a 
three-phase regulator since the three-phase r^^ator boosts or 
bucks all phases in the same amount. Figure lOd indicates several 
possibilities with the use of single-phase r^ulators. 


/allarge added by 
regujafor 

NealraU F ofregufafor 


posfhon 

Fui/boo^ FjuII buck Or/ff/na/ 

yo/fage 

Voltage+0 Neutral-anyPhaee 

• 105,—^Vector diagram for tluree- 
phase induction regulator. 



<d) 6<t> Rcguloftor 
on One Phaee on ly 


z.w 

(b) 6 ^ Regylotora 
on ‘TWoif^aee 



Fio, 105-—Vector diagram for regulation of three-phase lines by sinii^fHpliase 

regulators. 

Figure 106 (a) r^clatee on one phase only, tibiereiby afi^ecting a 
second phase to a lesser d^pree and the third {diase not at aUL It 
IS not much used. 
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Figure 106 (6) accomplishes fairly good results, two phases being 
accurately controlled, the change m the tlurd being dependent on 
the amount of regulation m the other two. 

Figure 106 (c) results in accurate control for all three phases. A 
change in one phase is more or less dependent on the changes in 
the other two and hence the three regulators do not operate entirely 
independently. It is a stable condition, however. 

Figure 106 (d) is used for four-wire systems, each phase being 
controlled mdependently. The same connection can be used for a 
three-wire system also. With this connection the voltage of the 
regulator is Y voltage, i.e., l/x/S that required for the coimection 
shown in Fig 106 (c). 

Size of Regulators.—^An induction regulator is rated according 
to the percentage which it can add or subtract to the applied 
voltage. For example, a 10 per cent regulator is capable of increas¬ 
ing the voltage to any value up to 10 per cent above the applied 
voltage or decreasing it to any value down to 90 per cent of the 
apphed voltage, a total range of 20 per cent. For example, suppose 
it is desired to maintam a constant voltage of 115 volts at some point 
out on the line, the voltage drop on the line from the substation 
being 10 volts at full load. The voltage on the hne side of the 
regulator must be raised from 115 volts at no load to 125 volts at 
full load. Suppose the substation voltage vanes, due to drop in 
the transmission ssrstem, from 125 volts at no load to 115 volts at 
full load. Under no-load conditions, therefore, the regulator 
must buck the substation voltage down from 125 to 115. At full 
load it must raise it from 115 to 125. The range m regulation is 
therefore 20 volts, 10 above and 10 below 115 volts. A 10 per cent 
regulator is required. 

The capacity in kv-a. of the regulator which must be used 
in any given case is based on full-load amperes times the voltage 
which the regulator can add. Since a 10 per cent regulator adds at 
full boost 10 per cent of the line voltage, this 10 per cent times full¬ 
load current is equal to 10 per cent of full load in kv-a In 
other words, the necessary capacity in kv-a. of the regulator 
is the same percentage of full load kv-a. on the line as its rated 
per cent voltage regulation. This applies to single-phase 
regulators on single-phase lines and in Y connection on three- 
phase Unes, also to three-phase regulators. For the connections 
E^iown in Figs. 106 (6) and (c) using single-phase regulators 
in A connection on three-phase hnes, the capacity is somewhat 
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different. In the case of three regulators, Fig. 106 («), since 
the voltage across any phase is increased, not only by the regu¬ 
lator across that phase but also by the action of the regulator 
on the adjacent phase, the per cent regulation rating of the 
regulator is only 67 per cent of the maximum per ctint regulation 
required for line voltage. (For 10 per cent regulation a 6.7 per cent 
regulator is required, usually a 7.5 per cent standard rating is u.sed.) 
For the two regulator connection^. Fig. 106 (&), full pementage 
rating is required. The capacity in kv-a. is also affected by 
the fact that line (Y) current passes through the regulator which 
is connected for A voltage. Hence the total regulator capacity 
required in either case, Figs. 106 (b), or (r) is 116 per cent of what 
would be required with a three-phase regulator, that is for 10 pc*r cent 
regulation 11.6 per cent of load kv-a. is required. 


£/ne 



i/ne drop compensator 

Fxg, 107,—BchenoLAtio diagram of Une drop componsator and c*ontact making 

voltmeter. 

Operation.—^The inductioii regulator may be controlled by hand, 
the opemtor eausing the voltage to be raised or lowered as desired 
to meet required conditions as indicated by an indicating voltmeter 
on the line. They are probably more often operated automatically, 
however, the control beii^ a contect-ma^ng voltmeter which 
causes the regulator to raise or lower as required to maint^ a 
constant predetermined voltege. 

This voltmeter may be connected directly across the line at the 
regulator terminals in which case a constant voltage is maintsdned 
at that point. Where it is d^ired to regulate the voltage at some 
distant point such as at the feeding point of a Matribuiion drcuUf 
however, a line-drop compensator is used with the contact-making 
voltmeter coimeoted across it. The line-drop compensator is 
virtually a small image of the line itself. Reactance and resistance 
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proportional to those of the line axe set on the compensator and a 
current proportional to the line current is passed over it. The 
resulting drop is equal (or proportional) to the voltage drop in 



Fig. 108 —Connection of line drop compensators to four-wire circuit. 


the line. This is subtracted from Ime voltage at the regulator 
terminals thus giving the voltage at the pomt of compensation, 
varying with the load. The regulator is then operated so as to 
maintain the desired voltage at the point for which the compensator 


is set, the voltage at the regulator 
terminals being, of course, higher 
than that whenever load is on. 
Figure 107 shows a diagram of a 
hne-drop compensator. Figure ^ 
108 shows the connection with 
three single-phase regulators on a 
four-wire circuit. 



Group Regulation.—In practice p —" t - i 11 

there are two ways, in general, in 

which r^ulators are used. Large 

r^^ulators are sometimes placed 

so as to carry a group of lines, i.e., 1 ^ I ^ 

they regulate a bus from which fy individual Ragula+ion 

the lines are fed, etther to a con- Via. 109. — Group regulatioii and indi- 

stant voltage throughout the day viduai reguiataon 

or to a voltage which vanes somewhat with the total load. Fig. 109 

(o). This cares for transmission-line fluctuations and, in the 

latter case, for feeder-line drop somewhat. In case the feeders are 

of different length, however, the difference in line drop is in no way 

provided for to give a uniform voltage at the feeder end. Also, 
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differences in drop due to different loading on the feeders is not 
compensated. This method is probably most useful where all the 
feeders in the group are of nearly the same length and comparatively 
short or where close regulation is not essential, as on lines carrying 
only power loads. Where the voltage is to be varie<i according 
to the load, one feeder may be picked out and the compensator set 
for its characteristics and its load, or the total load on the regulator 
may be used. 

Individual Feeder IQ^gulation.—Probably the more usual 
method is to regulate each line individually, Fig. 109(6). In this 
case, if the line has no definite feeding point but branches in several 
directions and picks up load all the way, some point out on the 
line should be chosen and the compensator set to give constant 



Fio, 110.—Feeder regulation ‘Conipenmitioii for a given pennt. 


voltage at that point. Fig. 110. This point should be selected so as 
to give the best average service voltage conditions, so that under 
the heaviest load, the customer farthest out will get voltage not 
lower than the minimum limit of the voltage range established for 
the Eystem and at the same time the customer nearest the station 
will not get voltage hi^er than the maximum limit of the voltage 
range, allowing for the possibility that the latter customer may be 
drawing a li^t l<md at tibis time and hence not getting full voltage 
drop in his transformer and secondazy. 

Where the line feeds direct to a definite feeding pednt before pick> 
ing up load, see 38, it is somewhat ea^er to maintain a more 
closely limited vdtagB range. It might seem logusai to select the 
feeding point as the pednt cf compensation and aonaintain constant 
voltage there. This is c^ten the practice. It may be seen by 
studsnng Fig. 110, however, that, if this is done, full advantage of 
the i^ulator action is not taken. The voltage maintained at ttM 
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feeding point will be the maximum voltage at any time and the 
drop from the feeding pomt to the farthest customer imder full loa^ 
will establish the minimum. If, however, a fictitious point beyond 
the feeding pomt is chosen and the compensator set for that point. 
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Fig. Ill—Feeder regulation—overcompensation. 
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allowance for the drop in distribution transfOTmers and seconi^es 
is thus made and better average conditions maintained. E'^ure 
111 shows a typical example. The compensation point is h^d at 
118 volts so that the actual feeding point voltage varies from 118 
at no load to 123 at full load. Since the maximum drop to the 
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farthest customer at full load is assumed to be 8 volts, he will get 
116 volts at full load and 118 at no load. The customer near the 
feeding point will get 118 at no load and not more than 123 at full 
load—^usually not more than 121. Therefore, a probable range of 
regulation of 115 to 121 is maintained. If the feeding point were 
maintained at 121, the range would bo 113 to 121. This practice 
is called “overcompensation.” 

Regulators in Parallel.—On loop-power lines with individual 
regulators at each end and on feeders individually regulated, serving 
a multiple feed secondary network, consideration must lx* given to 
the questions of stability and possible circulating currents. If 
sin^e-phase r^ulators are used on each phase, connectcnl in Y, 
there is no rotation of phases and hence no circulating current from 
that cause. If, however, three-phase regulators arc used, unless 
means are taken to keep the regulated voltages in phase with each 
other or nearly so, there is likely to result a circulating current which 
may be high enough to be troublesome unless the intervening imped¬ 
ance is also correspondingly high. Mechanical interconnection 
of the regulators, use of “in-phase” r^ulators and “phase shifters” 
are means employed for correcting this fault. 

likewise, unlMs interconnected in some way, operation of any 
two regulators in parallel is likely to be unstable. With ordinary 
compensation, if the load starts up on one, its voltage increases 
and it takes more of the load while the other falls off in proportion. 
Stability may be maintained by electrical interoomiection, using 
current from one line in the compensator for the other, or totalizing 
currents for aU lines, etc. 

Boosters.—Where low voltage is encountered, it may be corrected, 
temporarily at least, by use of transformer taps where such are 
available. In standard distribution transformers these are ustially 
provided only with voltages, 6,600 volts or more, hence are not 
often available in general distribution work where lower voltagies 
are used, unless taps are specially provided. The effect of using 
taps is to change tte ratio of the transformer, for example, from 
10 to 1 to 9 to 1. Hence, although th^ increase the full-load 
voltage, they increase the no-load voltage as well and therefore 
can be used only when Ike resulting increase in no-load voltage is 
endurable. They do not improve the regulation. 

A similar result may be accomplished by the use of booster trans¬ 
formers. A booster is a transformer coxmeeted as an autotrans- 
former in the primary line, serving to add a fdven percentage 
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permanently to the line voltage at that point Figures 112, 113, 
114, and 115 show various connections of booster transformers. 



Connections Vectors 

Fig. 114*—Three-phase boost, Y connected- 

boost is determined by the current-carrying capacity of the 
secondary coil, through which full-load hne cinrent passes. Fora 
10 to 1 transformer on a single-phase line, for example, the secondary 
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current rating is ten times that of the primary. Hence ten times 
the full-rated kv-a. of the transformer may bo carried or its 
capacity as a booster, not allowing for possible overload capacity, 
is ten times its normal rating. The capacity of such a trans¬ 
former used as a booster should therefore be 10 per cent of the 
full-line load in kv-a. The per cent boosts and capacities may 



Connections Vectors 

Fig. 115*~Thre©-phaso iKiost with two BiriKlo*phas(« 


be similarly worked out for other connections, making due 
allowance for relative coil ratios, voltages, currents, etc. Table 
VII gives a summary of the more common booster connections 
with the corresponding per cent boosts and capacities in terms 
of line load. 

Hi^ volta^ may be lowered or bucked down in an exactly 
similar way by reversing transformer connections. 

In connecting a boost or buck the polarity of the transformer is 


- ■■'j- Important (see Chap. IX). Most 

, I .. —^ f - . — . . . standard six^le-phase distribution 

Primary transformers are of additive polarity, 

—f 5 — —1 so that a booster action is attained if 

adjacent primary and secondary leads 
\c ef 1 (a and c) are tied together as shown in 

3Flg, 116. If (a) is tied to (d) and (c) 

Fia.ll6.-Cn,tioaof boct. ^ 

It should be noted that certain 


booster connections have the effect of changing the position of the 
phases, henoe lines with such boosters cannot be paralleled with 
other lines with different booster connections or with none at aU. 


The boost is usually a more or less temporary expedient to raise 
the volta^ until a more permanent means, such as additional line 


capacity, can be added, since where low voltage occurs, better 
regulation is usually dosired ratli^r than merely a raise in voltagp. 
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Sometimes a boost is mstalled m coimection with a regulator where 
the regulator is not able to maintain as high voltage as is desired 
and yet can serve to hold the no-load voltage down to suitable limits 
in opposition to the boost. For example, if the applied voltage were 
120 at no load and dropped to 105 at full load and it were desired 
to have 120 volts at full load A 10 per cent regulator would give 
only 115 volts at full load, but if a 5 per cent boost were added, the 
fuU-load voltage would be raised to 120. The no-load voltage 
would be 125 without the regulator. The regulator could lower this, 
however, to as low as 115 if desired and could easily maintain a 
constant 120 volts. 


Table VII —Booster Transformer Data 


System 

Transformer 

Primary 

connec¬ 

tion 

Trans¬ 

former 

ratio 

Percent¬ 

age 

voltage 
boost 
or buck 

Total booster 
capacity m percent¬ 
age of total line 
load, kv-a 





10.1 

10 00 

10 

Smglc$-pha8c 




20 1 

5 00 

5 





40 1 

2 50 

2 5 

Two-phase.. 

Same as single-phase 


. 







10*1 

10 00 

11 54 


Two Bingle-phaso 



20 1 

5 00 

5 77 





140 1 

2 50 

2 89 




■ 


10 1 

15 28 

17 33 

. 



A 


20 1 

7 56 

8 66 






140 1 

3.80 

4 33 







Rated Rated 


Three single-phase 





for Y for A 







voltage voltage 






10*1 

10.00 

10 00 17 31 

Three-phase < 



Y 


20.1 

5 00 

5 00 8 66 






40 1 

2,50 

2 50 4 33 





5 1 

34.67 

34 67 


Three-phase (Y-A coils) 

Y 


10 1 

17.33 

17 33 





20 1 

8.66 

8 66 





.40*1 

4 33 

4.33 





10*1 

15 28 

17 33 


Three-phase (A-A coils) 

A 


20 1 

7 56 

8 66 





140 1 

3 80 

4 33 


Computation of Voltage Drop.—Several methods for computing 
voltage drop are in common use in connection with problems on 
distribution systems, involving more or less approximation 
according to the nature of the problem and the accuracy desired. 
A few of the most useful will be given with their derivation. 
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Then their apphcation to various types of circuits will be taken 
up. 

For strictly accurate computation the following characteristics 
of a circuit should be considered: 

1. Resistance of conductors. 

2. Self-inductance of conductors 

3. Mutual inductance between conductors. 

4 Capacitance between conductors of circuits tor to neutral). 

5. Leakage over insulation. 

6. In some cases other factors such as mutual inductance from neighbor* 
ing circuits, capacitance between conductors of circuit and other circuits, to 
ground, etc. 

For high-voltage transmission circuits, t^pccially if compara¬ 
tively long, resistance, inductance, and capacitance between 
conductors are usually considered and, if considerable accuracy 
is desired, these am figured as distributed along the line. Leak¬ 
age and the items listed above under (6) are ordinarily too small 
comparatively, on power circuits, to warrant inclusion. 

When lower voltage circuits, especially those of relatively short 
length, are considered, the item of capacitance may usually be 
neglected without introducing any considerable error, since the 
capacitance is a shunt-circuit phenomenon (not in series) and 
enters the computations in the form of its effect in causing charging 
current. The charging current is directly proportional to the 
voltage and the length of the line, hence for lower voltages and 
short lengths such as are usually typical of distribution circuits 
voltages under 15,000 volts and lengths less than 50 miles), 
the effect of the charging current is ins%aificant. For such cir¬ 
cuits it is generally sufficient to use only resistance and inductance 
of the circuit, both being series-circuit phenomena and hence 
of praorioally constant value per unit length of circuit along the 
line for a given size of conductor and configuration. 

Simple Circuits.—^For a circuit having resMance only, the volt¬ 
age necessary to pass the current through the circuit is 

where 

I » the current in amperes. 

R ^ the xesistsnee of the circuit in ohms. 

This voltage is in phase with the current I, 
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For Si circuit having tnductance only, the voltage necessary to 
pass the current through the circuit is 


e. = IX 


where 




‘IX 


(o) Resistoince only 


(b) Inductive Rcac- 
tancf only 


X = the inductive reactance of the circuit in ohms. 

This voltage is cycle or 90 deg in advance of the current I. 

For a circuit having both 
resistance and tndvutance the 
two voltages necessary to pass 
the current through them in¬ 
dividually may be added 
directly (vectorially) since 
the two are in series. The 
resultant voltage is the total 
voltage necessary to pass the 
current through the circuit. 

In Fig. 117, IR is the resist¬ 
ance voltage in phase with 
the current I, IX is the react¬ 
ance voltage, 90 deg. ahead of the current I. IZ is the vector 
sum of the two IZ = VcTfipTllXp = I-\/W~^X^, the 
impedance voltage. Therefore the impedance Z ~ -y/R^ -f- X^. 

'Dus-impedance voltage IZ represents the voltage (in both 
ms^nitude and phase) necessary to pass the current I over a cir¬ 
cuit consisting only of the resistance R and the inductive 

reactance X, such a circuit as 

X 



(c) Resistance and Reac+ance 
Fio 117—Voltage and current relations 
in circuits. 


£z 

L. 


-vwvww 

VP 

Fig. 118. —Impedance voltage 


is represented in Fig. 118. It 
. does not, however, represent 
the voltage drop in a circuit 
with these characteristics but 
carrying a load current, such 
as the ordinary distribution 
circuit. 

For convenience, assume a simple circuit with ground return. 
Fig. 119, the ground being assumed, for simplicity, to have no 
resistance or reactance in itself. E\ is the voltage impressed 
at the source end of the line, E 2 the voltage at the receiver or 
load end, I the load current at power factor cos 9, R and X the 
resistance and inductive reactance of the line itself. Then the 
vector diagram in Fig. 119 shows the relation of voltages. To Ei 
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the receiver voltage, which is at an angle 6 ahead of the load cur¬ 
rent I, is added vectorally IR the resistance voltage of the line 
in phase with I, and IX the reactance voltage if the line at 90 



deg. ahead of I, The resultant, Ei, is the necessary voltage at 
the source in both magnitude and phase relation to / (and Ei). 

The voltage drop in the line is numerically equal U> Ei — Bt 
and may be quite different from IZ, the impedance voltage, as 
may be seen from Fig. 119. 



J'la. 120.—Illustrating computation of voltage 
drop using voltage at load. 

and Ei sin ^ at 90 deg. 

Then 


(Domputing the above 
solution mathematic¬ 
ally, Et may be 
resolved Into two com¬ 
ponents at light angles 


120, i.e. 

Ei cos $ in phase 
with / (and with IR) 
ahead of / or in phase with IX. 


{Ei cos 0 + IR)^ -H {Bi sin e + IX)* - Ei* 
or 

El « V(^* eoB a + IR)* +TRU sin 0 +TX}* (21) 

and the voltage drop is 

e El - Ei y/{Ei cos « + IR)* + (l?7Bfir?"+ IX)* 

- Et 


( 22 ) 
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and in per cent of E^. 

^ ^ V^co^ IK)- + (M, .m 0 ^ 

Similarly, starting with the voltage at the source Ei, 

Ez = V(jB?i cos di — IRy + {El sin 9i — /X)* (24) 

cos dx being the power 
factor at the source and 
not at the load in this 
case. 

These are funda¬ 
mental equations for 
computing voltage drop 
when capacitance is ne¬ 
glected and are the basis 
of practically all charts 
and simplified formulae. 

Simplified Formula.—A great many of the ordinary volta,ge- 
drop problems of the distribution system may be solved con¬ 
veniently by an approximation which is sufficiently accurate for 
most medium- or low-voltage circuits of comparatively short 
length and with single-phase or balanced polyphase loads. 
Referring to equations given above, 

e = VCBs C50S e + IRy -h {Ei sia 9 + IXy — Ez, 
Expanding 

e — cos^ d ^EzIR cos 6 -|~ + Ez^ sin® 6 

“1“ 2EzIX sm 9 — Ez- 

= jEr 2 ®(co 8 ® 6 “1“ sin® 5) -|- 2EJ(fi cos 9 d- X sin O') J®(JS® X^") 

~~ Ez 

* + 2EzI(.R oose + X sin 6) + J*(E® + X*) - Ez. 

If the last term under the radical were 

jB® cos® 6 + 2RX cos 9 sin 9 -f- X^ sin® 9 

the whole expression under the radical would be the jierfect square 
of 

Ez 4- I(JR cos 9 + X sin 9). 

That is, the expression for voltage drop would become 

e = I (^R cos 9 + X sm 9). 



Via. 121 — IllustTatmg computation of voltage 
drop using voltage at source. 


(25) 





192 


ELECTRICAL DISTRIBUTION ENOINEERIKG 


The error introduced by this approximation is only that due to 
subtracting /®(jR sin d — X. cos 0)® under the radical. This 
error is usually small. It is shown graphically in Fig. 122. This 
approximate formula may be simply stated as follows: 

Volts drop = ^ = jB cos 9 + X sin 6. (26) 



Fio. 122.—lUustrathig approximate formula. 


Complex Quantities.—While the algebraic method shown 
above is convenient for simple problems of voltage drop. It is 
very often necessary, especially with unbalanced loads and volt* 
ages on pol 3 ^hase circuits and when dealing with several sections 
of a circuit with different characteristics, in series, to use an equiv¬ 
alent method empIo 3 dng complex quantities. Assume the simple 



Fxo. 123.—Complex quantity solution usins voltaca at load. 

circuit as before. Let the voltage vector E be the reference Imse, 
Fig, 123. The curmnt I expressed veotorisdly is 

t ^ I COB 9 — jl sin $. 

The impedance of the circuit may be expressed as 

» B -+* SX. 

The impedance drop in the circuit is therefore, 

« (J cos S - jJ sin tf)(B -f- jX) 

^ m<iOB 9 +IX sin 9 -f j{IX cos e - JB sin B). (27) 

This drop may be ad<fed to the voltage E as shown in Fig. 123. 
If that voltage and the corresponding power factor cos 9 are 
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assumed as delivered voltage Ez and power factor, the result will 
be Ex, the voltage at the source 

El = Ei + I(R cos d X sin ff) + jI{X cos 6 — R sin 6). (28) 

Conversely, if E and 6 are assumed as source voltage Ex and 
power factor, the impedance drop must be subtracted to give 
receiver voltage, E^ 

Ei = Ex — I {R cos $ + X sin &) — jI(,X cos 6 — R sin 0). (29) 


I COS S, 





Fia 124 —Complex quaxitity solution using voltage at source 


Direct Current.—Since inductance and phase relations do not 
enter into the computations with direct current, the voltage drop 
is simply that of a circuit containing resistance only. 

e = RI 
Ez “ 

It must be remembered in this connection that R is the resist¬ 
ance for the complete cvreutt, hence for a two-wire circuit, it 
includes the resistance of both the outgoing and the return wires. 



Oonsider the circuit shown in Fig. 126. Since the current in 
the H- side flows from a to 6 there is a drop in potential of 
from a to b; similarly, there is also a drop of Ir- from c to d. 
Hence, following aroimd the complete ciromt from a, 

Jr+ + + Ir- = Ex, 

Ei = El — I(r+ + r-) or if r+ = r_; Ez — Ex — ^rl. 

This is the ordinary ttoo^mre Mr&A-cwrrefrd oireuit. 
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Consider now the circuit shown in Fig. 126 for the ordinary 
thre&-wire Bdtson dtrect-current system. Since the current 
in the + side flows from a to b there is a drop in potential of 
I+r+ in ab; similarly there is a drop of /_r_ from c to d. In 
the neutral, however, the drop may be from e to f or from f to e 
depending on whether the neutral current flows from e to / or 


ef —-/- 



from / to e. This in turn depends on how the load is balanced 
between the two sides of the circuit. If load 1 is greater than 
load 2, /+ will be greater than J_ and /» (equal to /+ — /_) will 
flow from f to e. Hence, following around the circuit from a 
4" -E* + IvTn =® El — -- Tnfn.) 

and in the upper circuit, 

— InTn + Ea, + /—r_ “ Etl Bz =■ Ei 4* IitTn — 



Pio, 127.—Direct-current, three-wire circuit—voltace with unbaianeed load. 

If the load is greatly unbalanced, 1+ being much larger than /., 
a condition may be reached where /»r« is larger than and En 
is hence larger than Ei. That is, there is a rise in voltage on ozna 
side of the line. This is always the case for a totally unbalanced 
load on such a circuit since in this case is 0. The result may be 
shown diagrammatically as in Fig. 127. 
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Single-phase Alternating-current Circuits.—The single-phase 
circuit is quite si milar to the direct-current circuit except that the 
consideration of inductance in the circuit is introduced and also 
power factor of the load. A similar analysis of the two- and three- 
wire circuits may be made for sin^e-phase alternating-current 
circuits as was made for the direct-current circuits, keeping these 
differences in mind. 

The alternating-current, two-wire circuit may be conveniently 
considered as two circuits from phase wire to neutral (see Hg. 128), 
each with its phase-to-neutral voltage equal to one-half the line- 
to-line voltage. The resulting voltage drops in each of these 
circuits may be obtained by apphcation of the fundamental 
formulae given above for the simple circmt. 

The drops thus ob- _ 

tained must be added i f ^\i£ad 


Fig 128 —^Alternating-current, sinj^e-phase, two- 
wire circuit 


tained must be added i \ 

together (vectonaJly) ^_ 

to obtain the total } [ 

voltage drop of the ^—* 

circuit —^Alternating-current, sinj^e-phase, two- 

wire circuit 

Of course, for the 

simple S3rmmetrical circuit, the full voltage betzoeen imres may be 
used with the total length of the wire, giving the same results as 
above. The dromt-to-neutral method is given as it corresponds 
better with the method used for three-wire and polyphase circuits. 

If drops are obtained in percentage of phase-to-neutral voltage, 
i.e., Ez/2, the same percentage will apply to total drop and phase-to- 
phase voltage if the circuit is symmetrical, i.e., with both conductors 
the same size. 


Bxample.—^Assume a circuit with 110 volts at the load. No. 4 copper con¬ 
ductors, 2 kw load at 90 per cent power factor, 800 ft. from source to load, 
conductors 14 in. apart, 60 cycles. 


r — 0 267 ohm per 1,000 ft. 
a? — 0 1185 ohm per 1,000 ft. 
cos 9 = 0 90 sin 9 — 0.436 

= 110 ^ - 56 


R 0.2056 ohxn per 800 ft. 
X = 0,0948 ohm per 800 ft. 


e = Vcse X 0.9 -t- 20 2 X o 2066)* 4- (65 X 0 436 4- 20 2 X 0.0948)* — 66 
= V<49.5 + 4 17)* + (24.0 + 1.92)* - 65 

= ^53,67* -h 26,92* — 56 =» 69.6 — 56 = 4,6 volts m half the circuit 
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or from ono side to neutral. Both sides arc the samc\ honre the total drop 
= 2 X 4.6 = 9.2 volts, i.e., the voltage at the source must 1h" 110 + 9.2 =» 
119.2 volts In percentage, 


4 6 
65 


8.36 per cent. 


Using the approximate metliod, 

c = 20 2(0 2066 X 0.9 + 0 0948 X ().436;2 
=: 40 4(0.186 -f- 0.0413) 9.15 volts. 


Simdlarly, the three-wire circuit (B’ig, 129) may lx* conBidcred m 
three separate circuits and the drop obtained for each. In this 
case, the middle wire has 0 voltage to neutral at the source and its 



Fxo. 129.—Alteriiating*-curront, singlcnphase, thri»e.-wiro circuit. 


voltage to neutral at the load will be equal to its line drop. This 
may be in the same sense as the drop in either phase wire, dependiziig 
on which phase wire carries the heavier current (which side of the 
line has the heavier load). For example, if the greater !<xid is 
across Ea, the ourrent in the middle wire will be in the same sense as 
that in wire No. 3, hence 


Ea 

Ez 


El — drop in 1 — drop in 2 
El -t- drop in 2 — drop in 3 


veotorially. 


Percentage drops in this case must be applied separately for the 
two sides or outside (2E0t the percentage being different 

if the load is unbalanced. 


Example.—Assume similar oonditionB as for the example given for a two- 
wire circuit except assume the total load is 4 kw. dividbd so that 2.0 kw. 
is ooimected across X--2 and 1.5 kw. aoross 2-3; all three wires NTo. 4. 

9 16 

From the approximate mefbod, the volte drop per ampere •• 

- 0 . 2203 . 
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2 5 

Wire No 1 carries X 20 2 = 25 25 amp 

2 5 _ 15 

Wire No. 2 cco-ries-^- X 20 2 = 10 1 amp. 

Wire No 3 carries ^ X 20.2 = 15.15 amp. 

Drop in 1 = 26 26 X 0.2263 = 6.7 volts 

Drop in 2 = 10 1 X 0 2263 = 2.3 volts 

Drop in 3 = 16.16 X 0.2263 = 3.4 volts. 

Ei = 67 + 2.3 = 80 volts less tlian Bi. 

E% = 3.4 — 2 3 = 1.1 volts less than E\. 

If M\ IS 115 volts on both, sides of the circuit, 

Ei. = 107;.©,= 113 9 

If considerable accuracy is required, the effect on the inductance 
of each wire of its distance from the other two wires and the division 
of load should be considered. That is, in the above example, 2 
and 3 may be considered as the divided return circuit for 1, hence 
the inductive reactance of 1 should be that for a weighted average 
of its separation from 2 and from 3. 

The diagram of Fig. 127 apphes equally well to this problem as to 
a direct-current circuit for illustration. The computations may be 
considerably more complicated, however, if loads of different power 
factors are encountered on the two sides of the circuit or if different 
sized wires and different spacings are used. 

It should be noted that if the neutral were grounded at both ends, 
the conditions are altered, m that both the neutral wire and ground 
then carry part of the imbalanced current. 

Where the load is balanced or practically so, the middle wire* 
may be neglected and the circuit figured as if it were a two-wire 
circuit at a voltage of 2J^i. This is the method used for most 
general problems of sin^e-phase drcui-^ 

Two-phase Circuit.—The two-phase circuit may be analyzed 
into phase-to-neutral circuits or into separate single-phase circuits 
as may best fit the case. These may be solved in accordance with 
the principles given herewith for the simple circuit or the single¬ 
phase circuit. 

The four-wire, two-phase circuit is essentially two separate 
sin^e-phase circuits and may be readily treated as such. 

In the three-wire circuit, Pig. 130, the third conductor carries 
the comlnned current of the other two, equal to the times 
either one, for balanced load. The exact computation of voltage 
drop in this case is complicated by the distortion in the vector 
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relations of the voltage by the drop in the third wire as indicated in 
Fig. 130. Even with the balanced load shown, the resultant 
voltages AC and AB are unequal and not 90 deg. apart. (The 

figure is exaggerated, of 
courae.) Probably the 
only satisfactory way of 
computing this accu¬ 
rately is by the com¬ 
plex-quantity method, as 
given in some detail 
below for the three- 
phase circuit. For 
approximate results, 
however, the two phases 
may be computed as two 
separate sinf^phase 
circuits without intro¬ 
ducing great error in 
most cases. 

The five-wire circuit, 
Fig. 131, if carrying balanced load, may also be considered as 
two-sin^e phase circuits, neglecting the neutral, or as four 
separate circuits to neutral. If the load is unbalanced, however, 
and the neutral carries current, 
its drop must be considered. In 
such a case the complex-quantity 
method is available for obtaining 
accurate results. Otherwise, 
approximate results may be 
obtained by assuming an average 
balanced load. 

Tbree-phase Circuit—The 
three-phase circuit may be con¬ 
sidered as three separate circuits 
to neutral, the drop in volts (or in 
per cent) being computed for 
each phase. The drop in per 
cent (for balanced load) will be the same for the phase-to-phase 
voltages as for the phase-to-neutral voltage. The drop in volts 
between two phases will be the vector sum of the drop in each 
phase-to-neutral circuit. 



Pxa. 131.—Voltasedrop in 
five-wire aircuit. 





V'ia» X30.— Voltaigo drop in two-pba8*», fhroc*- 
wirii cirenit. 
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For a balanced three-phase system witti balanced load the 
resultant drop between phases is equal to y/Z times the drop in 
volts from any phase to neutral (the drop in all phases being equal). 
This is illustrated by Fig 132. 

For unbalanced loads, the drop in each phase-to-neutral circuit 
will be of different magnitude and phase relation to the original 
voltage, hence the resultant can only be obtained by vectorial 
addition. Figure 133 shows a vector diagram of the voltages, 
currents, and voltsige drops in a three-phase circuit with imbalanced 
load but with no neutral current (three-wire system). In this case 
the currents in the three phases must sum up to zero. 



Fio 132.—Voltage drop in three-phase Fig. 133—Voltage drop in threse- 
circuit, balanced load. phase, three-wire cirouit, unbalanced 

load. 


Where there is a neutral, or fourth wire, it will also have a 
current and a voltage drop to neutral if the load is not balanced. 
This may be also computed as a phase-to-neutral circuit, the current 
being assumed in its proper phase relation to the other phase 
currents, and the resultant voltage to neutral obtained Blgure 
134 shows a vector diagram of the voltage drop produced in the 
neutral of a four-wire, three-phase system where the neutral carries 
an appreciable current. This current is equal to the vector sum 
of the currents in the three phases. 

Where the neutral is grounded at the load end as well as 
the source, the ground will carry part of the unbalanced current and 
the neutral wire part. This must be considered in computiag the 
drop in the neutral. It is sometimes assumed that all the current 
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is carried by ground but this is not true if there is a fourth wire of 
good conductivity, since the ground connections have appreciable 
impedance. The effect of the drop in the neutral is, of course, to 
shift the neutral point somewhat and change the voltage from each 
phase to neutral correspondingly. 

In some cases, the voltage at the load may be assumed and the 
voltage at the source computed from it. This is oft<*n convenient 
since it is usually desired to maintain a certain voltafi^ at the load. 
The problems might just as well be figured starting with a balanced 



134.—Voltage drop in threfi-pbiuie, four-wire eirouit, unbidnnoed toMd. 

voltage at the source, however, and subtracting from it the drops 
in the various phasas. The drop in the neutral is perhaps somewhat 
better represented in that way. Whichever way is assumed, the 
resuItB obtained in drop in percentage will usually be not far different 
and for practioal purposes, whichever way is most convenient, is 
satisfactory. 

Ezainpie of 'Ifaree-phase Ckcuit.—Aaaume a ^000-voIt, three-phase 
circuit, with No. 0 copper conductor, 1,000 kw. kuibd at 80 per cent power 
factor, balanced on the three phases, 5,000 ft. from source to load, eoa- 
duetors 14 in. apart, 60 cyeles. 

r - O.IOS ohm per 1,000 ft.; R « 0.615 ohm for 6,000 ft. 

X — 0.112 ohm per 1,000 ft. (17.6 in. equivalent apudng); X •" 0.660 
ohm for 6,000 ft. 
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Et — 4,000 volts; == 2,300 volts to neutral 

cos e = 0 80; sm 6 = 0.60. 

, 1 , 000,000 . 

I = —--- = 180 amp. m each line wire. 

VS X 4,000 X 8 

e = V(2,300 X 0 8+ 180 X 0.615)*+ (2,300 X 0 6+ 180 X 0.660)*— 2,300 
= V(1.840 + 92 7)* 4- (1,380 4- 100.8)* - 2,300 
= 7* 4- 1,480 8* - 2,300 = 2,434.8 - 2,300 

= 134.8 volts drop in each wure. 

134 8 _ j,- ^ , 

2 ~ 3 qq = 5 86 per cent drop. 

Since the load is balanced on the three phases m both amount and power 
factor, the voltages at both source and load are balanced, and the per cent 
drop figured for each phase-to-neutral apphes also to phase-to-phase 
voltages. 

Drop m volts across each phase = 5 86 per cent of 4,000 = 234.4 volts. 
Voltage at source <= 4,234.4 volts for a voltage of 4,000 at the load. 


In most ordinary problems involving three-phase circuits it is 


sufficient to assume balanced load, 
simplified thereby. Even if the 
load , is somewhat imbalanced, 
unless great accuracy is desired, 
the assiunption of a balanced load 
equal to the average on the three 
phases will generally give results 
accurate enou^ for practical pur¬ 
poses. If, however, it is desired 
to study the imbalanced condition 
more carefully with its effect in 
unbalancing the voltage, etc., a 
more accuratb method is necessary. 


as the computation is much 



Compl^-quantity Method for 
Unbalanced Conditions.—^When 
the load is not equally balanced 


Fxg. 135—-Voltage drop in three- 
phase, three-wire circuit, unbalanced 
load, solution by complex quantities. 


on the three phases, the i:ise of the complex-quantity method of 


analyzing the problem is probably the simplest, as any attempt at 
solution by the algebraic method is likely to be rather involved 


and must be carried out in a sirmlax way- 

For such a problem it is simpler to refer all phase-to-neutral 
currents and voltages to one of the phase-to-neutral voltages as a 
common base vector. In F^. 135 a t 3 q>ical example is shown. In 
this ca s e, the voltages and currents at the source are assumed as 
known and the ipesultant voltages at Ihe load determined from ihem. 
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Let Ex be the baae vector chosen. Aasume balanced three- 
phase voltage at the soxirce, Ex, E„, Ex (to neutral) and A’*-,, E^x, 
and Ex-x, phase-to-phase. 

The current I referred to E becomes, 

= J*(cos 9x — j Kin $x) 

Ex Ex 4“ jO. 

The current referred to Ey becomes, 

iy =» /y(COS 9y — JhIH 6y), 

but Ey referred to Ex is 

Ey = Ey(cm2^(f + isin 240°) 

* (30) 

If the voltage is not balanced, cos 9 and sin 9 for the proper 
angle between Ex and Ey may be used instead of cos 240 deg. and 
sin 240 deg. 

Therefore, ly referred to Ex is 

/v(cos 9y — j sin 5y)^ —0.5 — 

a= —0.6 cos 9y — sin 9y 4- iO.5 sin 9y — j cos 9y^- (31) 

Similarly, 

Jtx « Ex (cos 120° ~h 3 sin 120°> 

- i?^-0.6 (32) 

tx = /.(-0.6cos(?, + sin-fi0.6Bmcoa®.)- (33) 

Impedance voltages may now be computed by multiplying 
each of the current vectors by its corresponding impedance 
(12 + The results of these multiplications are voltage 

vectors r(^erred to iSr« as a base. If each of these is then sub- 
tmeted from its corresponding original voltage (S',, Ey, Ex), 
the resultant voltages at the load are obtained, each referred to 
Ex^ Impedance drop, in X, 

ex’ « tx(B„ + jXx) - /.(cos - j sin tf.)(«. +jXx) 

=» Ix[Bx cos 9x Hh Xlx sin 9, + j(Xx cos 9» — R, sin $x)]. (34) 

Ex' = -- e» =» is?. — XxlRx ooB 9x 4* Xx sin 9x 

4" 3 (X^m 60® 9x “ Rm sin <?«)}. (36) 



VOLTAGE DROP AND REGULATION 


203 


Impedance drop in Y, 

~ ^y(.^v "H J^v) ~ ■^*1^ ® ® COS &fi — sin dy 

+ i^o.5 sin a, - ^ cos 0v)](iev + 

~ ^ "I" ^ 

+j^0.5i2v — sin5„ — — 0 5X^ cos fl,J- 

(36) 

£jy' = 6y- e/ = Ey(^-0 5 - W (as above). (37) 

Impedance drop in Z, 
e,' = 7,(22. + jX,) 

= -^*[(-0 °os a, + (^22. - 0.5X.) sin 0. 

+i^0.522, + sin 0. + j(^ 72. - 0.6X.^ cos 0. j 

(38) 

&*' = j&, — e/ = i5,^ —0 6 + ~ (as above). (39) 

These expressions appear somewhat mvolved but are quite 
simple of solution, requiring only the insertion of the known 
constants. Each expression then reduces to a simple complex 
quantity of the form Kx + jK^ in which Kx and are numerical 
quantities. The final solution for evaluating the voltage at 
the load in any case is then simply •\/K^-\-K’^. 

The phase-to-phase voltages are quite easily deduced from 
these expressions for the phase-to-neutral voltages- 
For the voltages at the source, 

fhv = - JSv = E^+jO - BJi^-0.5 - 

^ E^+ 0.5Ey + j'^-Ey. (40) 

^ 'Ey- E.^ J?«(-0.5 - - E.(-0.5 

= -0 5(E,, - E,) - j^iEy + E.). 


(41) 
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= is, - i?. = i?.(-0.5 + - JS.-jO 

- 0 . 5 ®. - ®. + ( 42 ) 

Similarly, 

- ii"v 

JS\, = - j&', 

ET/ _ |5t/ _ jyt/ 

■Cl ZK 4B a: 

These expressions worked out ami evaluated give the voltages 
between phases for both source and receiver. The numerical 
difference (®*» — ®'*», for example) gives the voltage drop in 
volts. From these expressions may also be dcrive<l the change in 
phase position of any voltage between source and load and also 
the phase relations between voltages at the load. 

Naturally this method being more cumbersome should be used 
only where the nature of the problem is such that phase-to>phase 
voltages are required and of such accuracy that an approximation 
tising balanced loads and voltages of average values is not 
satisfactory. 

Example.—^Assume a problem similar to that given for hnianced three* 
phase, except that the load instead of being 180 amp. in each phase ia 187 
amp. In phase X, at power factor 0.67, 150 amp. in phase p at power factor 
0.86, and 210 amp. in phase z at power factor 0.85. 

B » 0.516 ohm for 5,000 ft. of No. 0. 

X » 0.560 ohm for 6,000 ft. of No. 0 at 17.6 in. equivalent sfiacing. 


M *- 4^000 volts at source; «■ 

2,300* 

7, - 187 

o(» 6» "• 0.67 

mn 9 m 0*74. 

/, - 160 

oos 0.86 

sin 9^ w. 0.527. 

2t ■“ 210 

ocm $M *■ 0.86 

sin 9m - 0.527. 


/, - 187(0.67 - iO.74). 

Jf, « 150^ -0.6 X 0.86 X 0.fi2r +J0.6 X 0.627 - X 0-85^ 

- 150(-0.426 - 0.466 0.268 -iO.786) - 160(-0.881 -^.478). 

f, - 210(-0.4S8 + 0.456 +i0.268 +i0.786> » 210(0.031 -b>0.990). 

- 2,800 +>0. 

Bv - 2,800(-0.6 - >0.866). 

J&, - 2,800(-0.6 +>0.866). 

e," - 187(0.67 - >0.74) (0.516 +>0.66(» - 187(0.769 - >0.006) 

- 141.98 ->1.12. 

e/ - X60(-0.881 - >0.478)(0.616 +>0.660) - 160(-0.189 - >0.787) 

- -28.86 - >110.66. 


Using the expresKions for /i’,', and 
as worked outfrom theequationsgtven above. 
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e/ = 210(0 031 +i0.999)(0 616 -1-^0 560) = 210(-0 643 +iOS31) 

= -114 03 H-jlll 61 

= 2,300 +J0 - (14193 — 31 . 12 ) = 2,158 07 + 7 I 12. 

= -1,160 -jl,991.8 - (28 36 -jll0 56) = -1,178 35 -il,881.26. 
i!,' = -1,160 +jl,991.8 - (-11403 +jlll.61) 

= - 1,035 97 + jl,880 29. 

= 2,158 07 +yi.l2 - (-1,178 36 - yi,881 26) 

- 3,336.42 + il,882 37. 

= -1,178.35 -jl,881.25 - (-1,036 97 +jl,880 29) 

= -142.38-^3,76154. 

= -1,035.97 + 1,880.29 — (2,168 07 H-jl 12) 

= —3,194 04 H-yi,879 17. 


,-//2 


The evaluation of these expressions is readily made and gives 
the numerical value of the voltages at the load. FiguTe 136 shows 
an approximate plottmg 
of these vectors mdi- V, 
eating their relative size 
and direction. 

Drop in Neutral.— 

The voltage drop in the 
fourth wire or neutral, 
if such is present, can^^, 
be set up in the same 
manner as shown for 
drop in the other three 
wires. That is, the cur¬ 
rent in the neutral may 
be expressed as a com¬ 
plex number referred to 
Eis as a base, multiplied 
by its proper R 4- j.X’, 
and the result evaluated. 

In this case, the phase- 
to-neutral voltages at the load must be determined by a vectorial 
combination of the neutral drop thus found and the drop in each 
phase, respectively, since the effect of the drop in the neutral is to 
shift that neutral somewhat with respect to the phase voltages. 

Voltage Drop in Transformers.—^In Chap. IX the question of 
equivalent resistance, reactance, and impedance for any trans¬ 
former is discussed at some length. These quantities may be 
used in determining the equivalent voltage drop through the 
transformer considering the transformer as a single equivalent 



136.—Example of solution by complex 
quantities 
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circuit at either primary or secondary voItaKC as tlesircd. For 
computing the voltage drop the simple approximate metho<l 
given here will be found very convenient and usually sufficiently 
accurate for the general run of problems. 

^ cos 9 + X sin 0. 

It should be remembered that R and X refem*d to th<‘ primary 
side are n® times as large as when referrc<i to the secondary side, 
n being the transformer ratio. Also, in three-phase installations 
R and X to neutral are three times their value from phase to 
phase (see Chap. IX). 

Figure 137 illustrates a convenient form of chart for trans¬ 
former regulation. 



Fig. 137.—Typical roprulation ourvea for 26-kv-a., stiiKlc^S^hiuic** diKtrilmtiun 

traftsformar. 

Delta-delta Banks.—^The equations for the solution of current 
division and voltage dbrops in delta-delta banks of transfoi^^^ 
carrying unbalanced loads was given in Chap. IX. The full 
method of developing these will not be given here but the general 
method of attack will be stated briefiy. Loads are subdivided 
into single-phase oomponente applied across each phase (delta 
currents). These currents are expressed as complex quantiti^ 
referred to one phase-to-phase voltage as a base. The division 
of each current between the two paths of the delta (see Chap. IX) 
is determined by application of the theory of two impedances in 
parallel. The total current in any phase of the delta is then 
obtained by vector summation of the various components of 
current passing through that phase. The voltage drop is 
determined by multiplying this current by its proper R +JX 
for the transformer. The complex qutmtity method is used 
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throughout following, in general, somewhat the same procedure 
as given above in detail for the unbalanced three-phase circuit. 
The general equations for this solution have been simplified and 
assembled and are given in Chap. IX. 

Uniformly Distributed Load.—In all the above discussion of 
various voltage drop computations it has been assumed that the 
load was concentrated at the end of the line. It very often 
happens, in problems dealing with secondaries for example, 
that the load is distributed along the line for a certain distance, 
either in a definite number of individual locations or in such a 
manner that it may be considered as uniformly distributed. 



Fig. 138 —^Load distributed at definite points. 


The latter case is simpler to deal with and sufGLciently accurate 
for most ordinary problems. 

For the first case, illustrated in Fig. 138, the drop is figured for 
each section of the line and the results added together to give the 
total drop, i.e., 

Drop of Wi + Wi + Wz + WA. over length dx 
+drop of Wi + Wi + W 4 over length dz 
+drop of Wa + Wi over length da 
+drop of Wi over length d. 
gives total drop to W 4 . 

If differences exist in the characteristics of the various loads 
and sections of line, the addition must be vectorial to be accurate. 

Where the load may be assumed to be uniformly distributed, 
voltage drop may be computed by assuming the total load con¬ 
centrated at the midpoint of the length over which it is dis- 
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tributed. Figure 139 illustrates the distribution of such a load 
and the resulting voltage drop at any point along the line. This 
assumption can be proved correct mathematically as follows: 
The load at any point along the line is equal to 

wl — wsc 

where 

w = the load per unit length. 

I — the total length. 

X = the distance of the point in question from the source end 
of the line. 


h-%- 


I 1 I 1 1 1 i i 1 i i i I + 

'• Bquiva/e.’Tl locrcf eenfet' 
'Loading 


■i 


w. 



The voltage drop over any increment length dx is 

ei{v)l — wz)dXf 

where 

01 » the drop per unit load per unit length of line, which Is 
constant. 


Then the total drop of any point x is 


X 


eiitol — wx)dx 





wx*\ 
2 / 


It X = I, the total length of the line, 
total drop » -- 

which is evidently the drop which would be occasioned by the 
total load wl over one-half the total length, 
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Example.—Assume a balanced single-phase load density of 10 kw. per 
1,000 ft on a 3 No 4 secondary extending 600 ft. from the transformer. 
Power factor 0 96; voltage at transformer volts; spacing between 

wires 8 m. — 8 in By the approximate method, assuming the total load 

of X 10 = 6 kw. concentrated at a distance of g X 600 — 300 ft 

from the transformer. 


r = 0 257 ohm per 1,000 ft , R 
X == 0 122 ohm per 1,000 ft ; X 

j ^ 6,000 


0 077 ohm for 300 ft. 
0.037 ohm for 300 ft. 


240^^6 = 26 3 amp 
(R cos e + X sin $)I 
2 22 volts per wire. 


(0 077 X 0 96 + 0.037 X 0 311)26.3 


Voltage at end of secondary = 120 — 2.22 = 117 78 volts to neutral or 
236.56 volts between outside wires 


Charts.—A great many charts for the easy computation of 
voltage drops have been published at various times and some of 
these are very useful. The practicability of such a chart depends 
upon two very important factors, (1) the user's familiarity with 
the chart and its method of operation; (2) the user’s knowledge of 
its derivation and hence its limitations, for most of such charts 
are more or less hmited in their application. 

The accompanying charts are presented, not as the best neces¬ 
sarily, but as some which have been found useful on account of 
their fundamental character and simplicity of operation. In 
general, only simple slide-rule manipulation is required for the 
solution of any problem after the proper constants have been 
picked from the charts. It will usually be found that charts 
which are intended to give voltage drops directly without supple¬ 
mentary computation, are either only very approximate in their 
’ accuracy, limited to a narrow range of problems, or quite com¬ 
plicated in their operation. 

For the occasional problem, these charts will be found useful 
in their present general form, with the necessary additional calcu¬ 
lations- Where a number of similar problems are to be solved, 
however, with certam quantities such as voltage or wire size 
jSxed, it will sometimes be found convenient to make up special 
charts to fit the case, these being simplified by the elimination of 
some of the quantities which are variable in the general problem. 
For deriving these special charts these general chsurts can be used 
to good advantage. Figures 140 and 141 show examples of such 
special charts. 
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Charts Based on Long Formula .—The charts given in Figs. 142 
and 143 are based on the formula given in equation (22) for the 
computation of voltage drop, 

e = (JSz cos 6 -j- IR)^ -j- (Fa sin B -f- fX)- — Fa- 

% Voltage Drop per KW 



% Power Factor 

Fia. 140 j—^V oltage drop curve* for 4,600 volt, 70 cycle, ihree>pheao, linos. 
(For sint^o phase, multiply scale xeadincs by 2.) 


An expansion of this expression leads to the development of a 
semi-constant which is designated as B. This quantity expresses 
the relationship between per<»ntage of power lose and pereentsge 
of voltage drop in a circuit, as follows: 

F - FP 
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where 

V = per cent voltage drop 
P = per cent power loss 

«- + - J-;), 

where 


p = 


P 

100 


Use H- for lagging power factor,'— for leading. 


(43) 


5 Kva Transformer 


to K\/a Transformer 



3 2 _o 0 ^_2 3 

Spans from Transformer to Service Pol© 

* I Span»l20 feet 

Pio, 141.—Voltage curves for range loads. 


It will be noted that B depends not only on the relation between 
X and E in the oirotdt (X/R) and on the power factor of the load, 
but also to some extent on the value of P. That is why it is 
called a “semi-constant.” The effect of P is negligible, however, 
through a considerable range of problems as shown by the curves 
on the chart. 

Power loss is obtained from the expression 
lOOWrD 

F = jg 2 ~^ o ag 0 P®*" of delivered power in watts. (44) 

r the resistance per unit length, D the length of the line 
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This expression is for balanced three-phaae or two-phase cir¬ 
cuits. For single-phase circuits the per cent power loss is twice 
this amount. The equation may be developed into the form, 

^ (45) 
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Fio. 142.—Power low chart. 
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which may be plotted for any given wire size (r fixed) in terms 
of-j the peroent power loss per kilowatt per 1,000 ft.. 
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and JE cos 6 . This equation is plotted on Fig 142 for various 
standard sizes of conductor and using voltages between 0 and 
150. Higher voltages can be brought within the scale of the 
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Pig. 143 ,’—B chart. 

V s= JRP; P » Per cent Voltage Drop; P — Per cent Power Loss. Drawn for 
copper wire at 60 cycles. For 25 cycles use Ms =* -417 times values given by 

scale for 


chart by dividing by a convenient factor, 2, 4, 10, etc. The 
per cent power loss obtained from the chart is then corrected 
to the original voltage by dividing it by the square of the factor 
used (2*, 4®, 10®, etc.). The quantity B cos & is solved graphically 
on the chart by the use of voltage circle (J5) and power-factor 
diagonals (cos ^)- The intersection of the circle through the 
proper voltage and the power-factor diagonal locates the ordinate 
corresponding to B cos &. 

The chart is plotted for three-phase (or two-phase) circuits. 
For sin^e-phase, multiply the res^llts obtained by 2. 

The B <diait, llg. 143, is derived from the formula given above 
and is plotted for various ordinary lagging power factors and for 
a range in values of P. The supplementary chart on the right 
gives a graphical solution for the value of X/R for various 
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standard wire sizes and spacmgs, with 60-cycIe fr<*<iiu*ncy used in 
obtaining X. If a 25-cyclc frequency is used, take 0.417 times 
the value of X/R as shown by this chart. 


Use of Chart 

1 . Divide actual voltage by a convenient factor to reduce it to the scale 
of the power-loss chart. 

Example.—2,200 volts—divide by 20, 2,200/20 = X10. 

2. Locate intersection of voltage arc and power-factor diagonal. 

Example —110-volt arc, 86 per cent power-factor diagonal, E cos B » 03.6. 

3. Proceed along the vertical through this point U> its inierBoction with 
the curve for the wire siae used. 

Head percentage of power loss per kilowatt per 1,000 ft. on the scale on the 
left. 

Example.—Above data, No- 2 wire, 1.88 per cent. 

4. Multiply this result by distance in thousaiKis of feet, and load in kilo¬ 
watts, and divide the square of the factor used in 1* 

Example.—3,000 ft., 800 kw. -■ /»» J — « U.28 per wntof 

800 kw. 

5. For two-phaso or three-phase circuits tlie result is correct as it stands. 
For single-phase, multiply by 2 (2 X 1L28 » 22,66 per cent}# 

6 . On the B chart, locate the spacing between conriuctom on the scale 
at the lower right-hand csomer of the chart. For unsymmetrical spacing 
uee 

7. Proceed vertically to curve for wire size used, scale on loft gives value of 
X/B for 60 cycles. For 2fi cycles multiply by 0.417. 

Example.—Number 2 wire, 28-!n. spacing; 0.8 for 60 eycles, 

. X/B 0.3S for 28 cycles. 

8. Proceed horizontally from X/B txt the curve for the proper power 
factor and value of P, Read B on the scale at the bottom of the chart for 
curves to the right of the dividing line, on scale at the top for curves to the 
left. 

Example.—Power factor 86 per cent, 60 cycle. 

Interpolating between B for 80 per cent, power factor -> 1.025 and B for 
90 per cent power factor 1.126 gives B for 86 per cent, power factor » 
1.076. 

9. Multiply B thus obtained by P as obtained in (4) and obtain V 
voltage drop in percentage of delivery volti^. 

Example.— P — 11 28 percent; B *■ l.or6; 

V ** 11.28 X 1.076 » 12.12 per cent. 
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The delivered voltage was assumed to be 2,200 volts hence the voltage 
drop in volts is 12 12 per cent of 2,200 — 266.6 volts. 


It will be seen that all the operations are simple and. the com¬ 
putations such as can be readily made by shde rule. The sum¬ 
marized operation after finding I* and J5 from the chart is 
simply ■ 




1 88 X 3 X 800 
202 


1 075 = 12.12 per cent. 


Itesults in the above are referred to the voltage at the load. 
If it is desired to refer them to the voltage at the source end, the 
value of JB as given is approximately correct for use with B 
figured in percentage of power at the source. 

If greater accuracy is desired. 


. lOOB^ -f- V 

^ 100 4 - Vr 


where subscripts s and r refer to quantities referred to source 
and load respectively. 

Charts Based on A.'p'proixyimate Method .—The approximate 
method is so useful in many cases that a senes of charts are given 
which facilitates its use although they do not give a direct 
solution without computation. 

Figure 144 gives resistance in ohms per 1,000 ft. for various 
wire sizes. 

Figure 145 gives inductive reactance in ohms per 1,000 ft- 
for various standard wire sizes and various spacings at 60 
cycles. 

Figure 146 gives a graphical solution for It cos Q and JST sin d. 
Take the proper value of It from Fig. 144, find intersection of 
circle corresponding to this value with proper power-factor 
diagonal; read It cos Q on scale at bottom. Similarly for IL 
sin 6^ only using scale at left. 

Figure 147 gives graphical solution for amperes per kilowatt, 
for any voltage and power factor. Reduce voltage to 
scale of chart by dividing by a convenient factor. Find inter¬ 
section of voltage circle with proper power-factor diagonal; read 
I/h'w. on scale at left; divide by the factor used in reducing 
the voltage. 
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To solve a. given problem, 6nd JR cos 0 and X sin & from l*’igs. 
144, 146, and 146. Find I/hw. from Fig. 147. 


ConduclorSixe 



Fio. 144.—Resistance of copper conductore (R). 
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218 


BLBCTHICAL DISTRIBUTION ENOINEISRING 


This is volts drop per wire. 

For single-phase, multiply by 2 for total line drop. 

For three-phase, multiply by “v/S for volts drop between 
phases 

Bxample.—500 kw , at 85 per cent power fa<?tor, thrc^e-piuiHe, earned, 
2,500 ft. with 2,200 volts (delivered;. Wire size* No. 2, npaeed 20 in, 
(equivalent). 

From Fig 144, jK ~ O 17 ohm per 1,000 ft. 

Fig. 146, R cos 4> = 0.135. 

Fig 145, X O 121 
Fig. 146, X cos 0 0 73 
R cos <f> A- X cos 0 208 
Fig. 147, 'Using 2,200/20 «=: 110 volts. 

/ 6 5 

Su7 “ “ 0.326 amp per kilowatt. 

Volts ^op « O 208 X 0.326 X 600 X 2 6 -» 84.5 volts per phase 
84.5 X -v/s “146 volts or 6.6 per cent. 



CHAPTER XI 


POWER LOSS 

Whenever electrical energy is transmitted over a circuit having 
resistance, some of the energy is dissipated in heat generated 
by the passage of the current through that resistance. The 
amoimt of energy thus dissipated may be expressed by 

w = I^R watts, 
where 

I — the current in amperes 
R — the resistance of the circuit in ohms. 

For single-phase circuits, 
w — 2ZV, 
where 

r = the resistance of one wire from source to receiver. 

For three-phase circuits, 
w — 3JV 
where 

r = the resistance of one wire from source to receiver 
and 

I = line current. 

For two phase, three wire, 
w — 4;Ih- 
where 

r “ the resistance of one wire from source to receiver, all 
wires being the same size 

and 

7 = line current in outside wires (line current in third wire = 

In Chap. X, "‘Voltage Drop and Regulation,” the quantity 
power loss was used in connection with the computation 
of voltage drop by the chart method. Its derivation by 
formula was given with a chart for obtaining the per cent power 
loss on a distribution circuit. It is not necessary to repeat 
these here, but a brief discussion of the quantity and its applies^ 
tion to the design of the distribution systems is in order. 

219 
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Power loss is an important consideration for two reasons: 

1. It represents a real loss of saleable product, hence is a 
distinct part of the cost of transmission and distribution of 
energy. Thus it plays a major part in the economical design 
of the system as shown more fully in Part III of this book. 

2, Since the current from source to receiver (load) is prac¬ 
tically constant for a distribution circuit, the loss in power must 
be evidenced by a drop in voltage. Therefore, as <iuality of 
service depends essentially on voltage regulation, the power 
loss and its accompanying voltage drop are of primary impor¬ 
tance, as indicated in Chap. X. 

Transformer Losses.—In addition to power losses in line 
conductors, the losses in transformers are also an important 
item. These are of two types: 

1. Core Loss ,—a constant 24-hr.-a-day loss as long as the 
transformer is excited, and independent of the amount of 
load carried. 

2. Copper Lose ,—a loss which varies with the load the same 
as the loss in the line. 

These quantities are discussed in some detail in Chap. IX 
and examples of losses for a typical line of distribution trans¬ 
formers given. 

Losses for Distributed Loading.—^Where the load may be 
considered as uniformly distributed along the line, which is 
the case with many problems dealing with secondaries, the 
power loss may be computed as equivalent to the loss whieh 
would be occasioned by the total load, carried over ono-tfaird 
(J>i) the total length of tJhe drouit. Thte may be proved mathe¬ 
matically as follows: 

Referring to Fig. 148 which illustrates the distribution of 
the load, the total current at any point a distance a? from the 
source end will equal 

ki(wl — wx)f 

where 

w — load per unit length. 

I total length. 

ki proportionality factor to convert to to current. 

The Itffls for any inoarement distance dz Is therefore, 

— wx)*rdx 

r — resistance per unit length. 
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The total loss for any length x then equals, 

J' kxhvh-(J — x)^dx 


= kxhv^(l^x - Ix^ + 
the total length, x — I, and 

total loss = = (kiwl)^^r 


For the total length, x — I, and 


which is equal to the loss occasioned by the total load current 
kiwl over one-third the total length Z 



Current at any Point 



Equivalent for Computing PowerLosa 
Fia 148 .—Uniformly distributed load. 


It should be noted that, if the computation for power loss 
is to be used as one step in the computation for voltage drop as 
was done in connection with the charts given in Chap. X, with 
distributed loading, the power loss must be computed as that for 
the total load over one-half the distance instead of one-third. 
This is on account of the fact that the voltage drop is computed 
as for the total load at one-half the distance. Therefore, in 
rnniring such Computations, care must be taken not to use the 
power loss obtained for that purpose as the true power loss. 
The true power loss will be two-thirds as much. 

Loss Factor and Equivalent Hours.—^One very important 
point in regard to the computation of copper losses on line and 
transformers which, although fundamental, is quite often over¬ 
looked, is that they vary with the square of the current. In 
Chap. Ill the quantities, loss factor and equivalent hours, are dis- 
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cussed to some extent and their derivation indicated. Also, 
their relation to load factor is explained. While it is not 
necessary to repeat this again here, it is desired to emphasize 
the facts that loss factor is not equal to load factor except in a very 
special case. Its value lies usually somewhere l>etween the value 
of load factor and (food factor')^. 

The use of loss factor and equivalent lufurs in detc^rmining 
total power loss are indicated below: 

If -Imax represents the current under peak-load conditions for 
the year (or any other period which is being considered), 

R » the resistance of the circuit in ohms. 
t = the egutvalent hours per day for yearly peak to give a 
total loss equal to actual accrued loss » lorn factor X 24. 



Then, 

^ the loss in watts at peak load. 

X < X 360 » the total loss in watt hours for the year. 

If the average cost of losses per kilowatt-hour is known ( «« C,), 
the yearly cost of losses will be equal to 

V _ X f X 360 y. ^ //IAN 

i;ooo" ^ 

An example of the derivation of the value for 1 (ms factor and 
equivalent hours is given below. As a rule this computation is 
rather diMcult to make with exactitude for any class of load 
since the load varies considerably from day to day throus^out 
the year as well as hourly during the day. It can be approxi¬ 
mated, however. 

Example.—Assume the daily load curve shown in Fig. 140 as a typical 
daily curve for the class of load to be studied. Taking the average toad for 
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each hour during the day and squaring, the total loss for the day may be 
quite closely approxunated 


Hour 

Average 

load-amperes 

72 

1 

11 

121 

2 

10 

100 

3 

10 

100 

4 

11 

121 

5 

12 

144 

6 

13 

169 

7 

19 

361 

8 

27 

729 

9 

24 

576 

10 

16 

256 

11 

13 

169 

12 

15 

225 

13 

13 

169 

14 

12 

144 

15 

19 

361 

16 

27 

729 

17 

32 

1,024 

18 

41 

1,681 

19 

53 

2,809 

20 

55 

3,025 

21 

49 

2,401 

22 

36 

1,296 

23 

19 

361 

24 

14 

196 


Total /2 = 

= 17,267 


This multiplied by the resistance of the circuit would give the watt-hours 
loss for the typical day. 

Maximum current — /max =« 55 amp. 

/mi«* « 3,025, 

T ^ - 1 j total 7® 17,267 ^ 

Lo 83 factor for typical day — ^ ^ 2 4 ^ 72 606 ^'238. 

EquivaLevJl. hours for typical day = loss factor X 24 = 5 73 hr. 

The loss factor for the month may be somewhat different from that for 
the typical day due to the fact that although the day may be considered as 
typical or average for the month, the peak for the month may be higher than 
that assumed for the typical day. K it is 6 per cent higher, for example, 

Los.fa<^ for month - loss factor for^typical day ^ ^ 

Ck>nsidering the period of a year, the daily loss factor will probably vary 
somewhat from month to month, more or less m inverse proportion to the 
number of daylight hours perhaps, if lighting load is bemg considered. 
Similarly, the peak load for the month will also vary as indicated by Kg. 150. 
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Tho monlMy loss factors aro assumed as shown in the table below. Each of 
these multiplied by the square of the ratio of the peak load for that month 



Join Feb. Mor Apr Ma^OuneJul^ Aug 6cpt Oct Nov Dec. 
Pio 150.—Typical yearly load curve. 


to tho peak load for the year give tho Ions fadar for the month in terms 
of yearly peak. The average of these for the twelve months gives the 
approximate yearly lose factor. 


Month 

1 

Monthly 

loss 

factor 

2 

Monthly peak 
Yearly peak 

3 

/ Monthly peak \ * 
\ Yearly |>eak / 

ColuninH 

1X3 

January. 

0 28D 

1 00 

1 00 

0 280 

February. 

0.260 

0.88 

0.78 

0.203 

March. 

0 230 

0 775 

0.60 

0 138 

April. 

0.215 

0 67 

0.46 

0 097 

May. 

0.200 

0.626 

0.39 

0.078 

June . 

0 180 

0.55 

0.30 

0.064 

July. 

0.190 

0.60 

0.26 

0^048 

August. 

6.200 

0.67 

0.325 

0.065 

September , ,,. 

0 217 

0.70 

0.40 

0.106 

October. 

0.230 

0.86 

0.72 

0.166 

November. 

0.260 

0.04 

0.88 

0.228 

December. 

0.280 

1.00 

i.oo 1 

0.280 

Total. 

.... 

.... 

• • . 

i.743 

Average.. 

.... 

.... 


0.146 


The yearly eyvMtent hovra «» 0.146 X 24 » 3.6 houra. 


Relatioxi of Losses to Bfficiency.—It should be noted that 
high system efBoiency, efficient^ being defined as the ratio of 
power output to power input, does not neoesoaxily represent 
the most desimble condition. Xxxases can always be reduced 
by increasing the conductivity, that is, by adding more copper. 
This, however, involves additional cost so that the benefit 
gained by the reduction in losses may be more than offset by 
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the increased cost of the conductors. An economic balance can 
be struck to deteinnine how far losses can be economicallv reduced, 
due consideration being given to questions of probable increase in 
load, voltage, regulation, etc. This question of economic design 
is taken up in Part III so will not be dwelt on further here. It 
is suflBLcient to point out the essential fact that small losses do 
not necessarily indicate economy and that true economy can only 
be determined by taking into account all the factors of cost. 

Sheath. Loss.—^Another form of power loss, which may be of 
considerable magnitude in some cases, is encountered when 
single-conductor, metallic-sheathed cables are used with alternat¬ 
ing current. The load current in such a cable produces a 
magnetic field which induces voltage between the sheaths of 
the various conductors of the circuit. If the sheaths are con¬ 
nected together by being bonded or by each being grounded, 
this voltage will set up a circulating current along the sheaths. 
This represents a real power loss. In some cases it becomes of 
even greater importance than the resistance loss in the conductor 
itself. In any case it should be taken into consideration when 
single-conductor cables are used. 

The magnitude of the sheath loss may be approximated 

1. . . by assuming that there is an additional effective conductor 
resistance of such value that when this resistance is multiplied by the 
square of the actual current flowing through the conductor, the loss in 
the sheath will be obtained. The conductor resistance for a single- 
conductor cable in which induced sheath currents are allowed to flow 
is the following; 

jr 

Resistance =■ J? + -Bo ■= g ohms per 1,000 ft. C47) 

where R is the actual conductor resistance at a given temperature and 
frequency, and 

- 2b/(o. 1404 logio —X 10-») per 1,000 ft. 
g =. X 10-« ohms per 1,000 ft. 

n* — r4* x' > 

p, sa resistivity of the lead sheath in microhm centimeter units which 
may be taken as 24.2 at 40®C., 25.2 at 60®C-, 26.1 at 60°C. 

3 » distance between centers of conductors in inch^. 
r 4 as inner radius of lead sheath in inch^. 
rs outer radius of lead sheath in inches. 

/ frequency* 

^ Simons, I>qnai<d M-, Calculation of the Electrical Problems of Trans- 
xniBsion by Underground Cables,” Electr%c JownaH, August, ld25, p. 366 



CHAPTER XII 

FUSES AND OTHER DISCONNECTING DEVICES 

Fuses.—Fuses are the most commonly used protective device 
on medium-and low-voltage circuits, as protection against 
damage due to excessive currents. In general, they are efficient 
yet comparatively inexpensive and, when properly used, are in 
many cases a very valuable means for insuring apparatus against 
injury and circuits against complete interruption. The main¬ 
tenance of a high degree of continuity of service on the ordinary 
type of distribution circuit is usually dependent to a large 
degree on the proper use of fuses at transformers, services, 
etc. However, for proper use, their characteristics and limita* 
tions must be understood. 

Essentially, a fuse consists of a link of metal inserted into the 
circuit and of such material, size, and shape that it vdll carry 
the normal current in the circuit without overheating. If the 
current exceeds a certain amount, however, the fuse link will 
melt and hence break the circuit. Fu^ links are usually made 
of lead, zinc, or similar metals, or alloys of such metals, or of 
copper of comparatively small cross-section. 

The characteristics of the operation of a fuse depend upon the 
material used, its size, its shape, the holder or container in which 
it is mounted, and alro on the nature of the circuit in which it is 
i^ed, as to voltage, load, and system capacity. The properties 
of the fuse which should be chiefly noted axe as follows. Most 
of these can only be determined accurately by actual test under 
the conditions under which the fuse is to be used: 

a. Current Eating .—^The current rating of a fuse should be 
approximately the current which it can cany continuously 
without blowing, but above which it will blow. This is likely 
to be a rather indefinite value, unless certain lixnitis^ cendi- 
tions are specified, since not only will similar fuses blow at 
somewhat different values of current under similar conditions, 
but also external conditions, such as the radiation capacity of the 
holder, may have quite an effect on that value. The material of 
which the fuse is made is an important factor in accurate rating, 
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certain allo 3 rs showing much greater uniformity than other 
materials. At best, however, the fuse cannot, in most cases, be 
depended upon for certain operation within a narrow range of 
current values. Stock fuses or fuse materials are quite likely 
to be rated considerably above average blowing current, in fact, 
the National Electrical Code stipulates a rating of 25 per cent 
above actual test values of blowing current. Ratings should be 
determined for the particular conditions under which the fuse 
will be used regardless of its rating otherwise obtained. 

6 . Time Characteristic .—All fuses have the characteristic 
that the time in which they will blow, after the application of a 
current which will blow 
them, will be the shorter, 
the greater the value of 
that current. A typical 
time characteristic curve 
is shown in Fig 161. g 
This characteristic 3 
vanes with different 
fuses as is indicated by 
the curves a and 5, some 
fuses having the time 
more nearly in simple Time 

inverse proportion to ISl—Typical^ oharacteriatio 

the current, while m 

others a very small amoimt of increase in current shortens the 
time very materially. Some fuses reach a very short blowing 
time (less than 1 cycle) within the range of practicable values, 
while others do not achieve anywhere near such short periods, 
even at the maximum values under which their use would be 
considered feasible. The time characteristic is dependent on 
the fuse material and also on the type of holder or container. 
In some cases the time is greatly accelerated by supplementary 
mechanical action. 

c. VoUage ’Bating .—^Fuses must be adapted to the voltage of 
the circuit on which they are to be used. This refers chiefly to the 
length of the fuse itself; it must be long enough to provide suffi¬ 
cient distance between contacts so that the arc formed by blowing 
will not cany across and continue the circuit. Also the mounting 
must have sufficient clearance and insulation from surrounding 
objects (case, box, etc), and from its support, to prevent arcs 
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to ground. In this regard it should be noted that, under normal 
operating conditions, the voltage between fuse contacts is very 
small but from either contact to ground the full line-to-ground 
voltage is found. After the fuse has blown, the full voltage to 
ground is likely to be imposed between contacts, and in some 
cases even full line-to-line voltage. 

d. Ahihty to Clear the Fault ,—^The purpose in using fuses is, 
in most cases, so that they will interrupt the circuits in case short- 
circuit currents are passed through them. If they arc not able 
to do this they are not only worthless but may be a real menace. 
A great many fuses sold under claims that they arc suitable 
for certain voltages and certain short-circuit currents, fail 
miserably when put to actual test on a large system. On second¬ 
ary voltages the problem of obtaining a satisfactory fuse is, in 
the majority of applications, not difficult. The energy inters 
rupted is ordinarily not high comparatively and usually a simple 
type of fuse and holder is sufficient. For interior work, a car¬ 
tridge or enclosed type is commonly used, while for outdoor lino 
work a simple link held between contacts is customary, no 
special device for extinguishing the arc being necessary. On 
primary voltages, especially those of the order of 4,600 and 
above, the energy in the interrupted circuit may be considerable, 
depending on the short-circuit current obtainable and the 
voltage of the circuit. The intensity of the am formed between 
the contacts by the blowing of the fuse depends to considerable 
degree on this energy. The ability of the circuit to maintain 
the flow of current across that arc depends somewhat on its 
length (distance between contacts) and also largely on the 
voltage which the system maintains across the gap. Both 
that voltage and also the short-circuit current are funetions of 
the nature of the system behind the point of fault. For example, 
at a p(^t near a large generating plant both these quantifies 
will be much larger than at a distant point with several miles 
of intervening transmission and distribution circuits. It is 
this charaoteristie which causes some fuses to fail on a large 
system, espedslly near the power sources, when they may 
operate quite satisfactorily on a smaller system. 

Several special means of extinguishing the arc are empl<^)red 
in different fuses—some such means being necessary for satis¬ 
factory operation at these hi^^er voltc^s. The most important 
of these are: 
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1 Immersing the fuse element in a quenching liquid. Oil is 
used for this purpose in some cases, chiefly on fuses intended for 
underground manhole or vault use. One tyjje of fuse uses a 
volatile liquid similar to carbon tetrachloride. 

2 Enclosing the fuse in tube, tight at one end and open at 
the other. The force of the expulsion of the heated gases 
(caused by the blowing of the fuse) out of the tube tends to 
extinguish the arc. 

3. Separating the contacts mechanically after the fuse blows 
by pulling them apart or interposing a barrier, thus drawing 
out or cutting off the arc. This is usually used in combination 
with 1 or 2. 

4. Surrounding the fuse element with a deadening powder 
which tends to absorb the metallic vapor of the arc and extin¬ 
guish it. Such a construction is quite similar to that used for 
the ordinary low-voltage cartridge fuse. 

The size of the fuse used (z.e., its rating) also has some effect 
on its ability to clear. A large fuse presents more gas to be 
disposed of on its blowing, which may be an advantage in an 
expulsion fuse but may be a difl&culty in one in which the ga^ 
is absorbed. The time characteristic of the smaller fuse may 
also play a part. The author has seen tests in which a 15-amp. 
fuse of a certain type cleared a 10,000-amp. short circuit without 
distress, probably because it cleared in a fraction of a cycle 
before the current could rise to its full value, whereas a 50-amp. 
fuse of the same type failed to clear, blowing up. The shape 
of the fuse element and its material also probably have a consider¬ 
able amoimt of influence on its ability to clear heavy short- 
circuit currents in that they affect the time characteristics and 
amount and rate of formation of the gas. At present no one 
of the types above mentioned can be recommended to the 
exclusion of the others. Satisfactory operation has been obtained 
with each under certain conditions. Some of the mechamcal 
advantages and disadvantages will be cited later. 

e. AhiUty to Clear Overloads .—A fuse must be able to clear 
satisfactorily currents only a little greater than its rating as well 
as heavy short circuits. Not all are able to do this. Certa^ 
fuses of the expulsion type are able to clear one or two such 
shots but in so doing the tube becomes carbonized and succeeding 
shots fail to clear, the energy of the expulsion not being enough 
to blow the arc clear. On heavy short circuits the energy of 
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expulsion is great enough to keep the tube clear. Puses in which 
the gas is absorbed (1 and 4) are generally very satisfactory 
on overcurrent operation. 

/. Mechanical Features .—There are several mechanical features 
of fuses and their holders which should not be overlooked in 
considering any particular design. 

1. They should be safe to work with in inspecting and refusing. 
Usually the fuse is incorporated in a cutout by which the circuit 
may be opened when the fuse is removed. Kxposed live contacts 
or other live parts increase the hazard. The design should be 
such that closing the fuse in on a short circuit will not endanger 
the operator unduly. This applies csF>ecialIy to expulsion fuses. 

The cutout feature should be so designed that it may be 
operated under voltage without damage to the fuse or danger 
to the operator. 

2. With fuses of the expulsion type and some others with supple¬ 
mentary vents, the blowing of the fuse is accompanied by a 
loud report, amounting even to a small explosion with the laiger 
sizes and heavier currents. While this may not be dangerous 
and not a serious disadvantage in some locations, it is quite 
likely to be annoying, and perhaps prohibitively so, in enclosed 
places such as vaults or substation buildings. 

3. Any fuse is likely to blow up on occasion if given a shot 
beyond its ultimate capacity. In such a case, a porcelain 
holder may become a menace due to flying particles of sharp, 
hard material. A box of fiber or even of wood will not psresent 
this hazard. The porcelain, on the other hand, has the advan¬ 
tage of being a good dielectric and, if of good quality, not as 
subject to deterioration as some other materials. 

Use of Fuses.—Certain i^neral principles should be observed 
in the use of fuses. 

1. If the fuse is used to protect a piece of appamtus or 
a circuit against overload, its size should be carefully chosen so as 
to_ be well under the dangerous value of current but still as far 
as possible above the normal operating current, to prevent inter¬ 
ruptions to the circuit on harmless temporary overourrent 
conditions. 

2, If the fuse is used to protect against short circuits only 
and not against overload, a larger size may be chosen, but care 
must be taken that it is not too large to clear promptly on the 
minimum short-dirouit current which is probable. 
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3. Fuses are not as a rule adapted to selective operation, 
that is, m situations where it is desirable for one fuse to open 
and another one to remain closed, especially if the two are of 
anywhere near the same size. The most ordinary example of 
such a case would be two fuses in series. If one were twice as 
large as the other they imght operate satisfactorily, but even 
so, if they had a very sharp time characteristic, a heavy current 
might cause both to open. 

An exception to this might be where two fuses of different types 
were used, one with a sharp time characteristic and one with 
flat, see curves a and 6, Fig. 151. In such a case the one with the 
sharp characteristic would probably open first ia all cases if 
somewhat smaller than the other. 

With Histribulion Transformers.—One of the chief uses for 
fuses on the distribution system is in connection with distribu- 
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tion transformers. It is quite generally the practice to insert 
fuses in the primary connections to such transformers. Fig. 162. 
Such fuses may be considered as protecting the transformer against 
overload or as being a means of clearing a short-circmted trans¬ 
former off the primary mains and thus preventing a general inter¬ 
ruption to service by the opening of the substation circuit breaker. 
The latter is usually considered the chief function of the primary 
fuse. Naturally, this purpose is also accomplished if the fusing is 
small enough for overload protection. In the latter case, how¬ 
ever, short-time overloads are hkely to blow the fuse, thus 
interrupting service unnecessarily when the transformer is in 
no danger of overheating. Since the power company's function 
is to give service, it seems logical to protect that service as far 
as it is reasonably possible in spite of possible occasional danger 
to equipment and to take some other means of protecting the 
equipment. In this case, frequent load checks offer a reasonable 
means of preventing undue overloads on transformers. In 
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choosing a primary fuse for any particular system or part of a 
system (or transformer perhaps) the characteristics mentioned 
above must be considered as follows: 

Current Rating .—If fusing is intended to protect the trans¬ 
former a gains t overload, naturally a different size of fuse must 
be used with each size of transformer, their current ratings, in 
actual blowing current, being chosen so as to be below the value 
of current which is considered as an overload. For transformers 
operated continuously at full load for long periods of time, such 
as poweivservice transformers, the rated load may bo considered 
the maximum allowable. The fuse size in this case should be 
equal to the fuU-load current on the transformer or possibly a 
little larger. On transformers serving lighting load, however, 
with a characteristically short-time peak load, especially 
in cold climates where the peak load is practically certain to 
come during cold weather, a load of 175 to 200 per cent of trans¬ 
former rating may be necessary to damage the transformer 
materially. In this case, the fuse sizes may be based on some 
such value. For certain protection, however, this value should 
probably be low enough to protect the transformer against 
damage in hot weather, possibly at 150 per cent full-load rating, 
for example, although this would not allow the maximum 
possible safe load in cold wither. The sizes should be chosen 
as large as possible, and still give the desimd protection, in order 
to prevent outages due to short-time overloads, non-uniformity 
of fuses, etc. 

If the fusing is oouusidered as chiefly for (deoering trouble rather 
than for overload protection, the sizes may be somewhat larger 
than for overl<xad protection. It is well to have the sizes large 
enough to avoid possible outages due to short-time or inter¬ 
mittent ovedoads which will not damage the transformer in 
any case, or to non-uniformity of fuses, or to emergency over¬ 
loads which might be experienced, as in the case of banked trans¬ 
formers where the load of one traxisformer may have to be carried 
by others adjacent. On the other hand, the fuses must not be 
too large to dear troubles promptly. For transformers located 
a long distance from the generatix^ source, the reactance of 
intervening lines may be sufficient to 3eeduoe the short-circuit 
current, even for a dead primary short, to a comparatively low 
value. The fuse must be smaU enough to dear on such currents, 
otherwise it is of little value, a short-drouited transformer 
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primary tripping the station circuit breaker rather than blowing 
the fuse. From this consideration only it might seem that the 
same size of fuse for all sizes of transformer would be satisfactory 
provided it were smaller than the Tninirmim primary short-cir¬ 
cuit current. This is true to a certam extent. However, short 
circuits on the secondary wmdings or tum-to-tum shorts in 
the primary may give considerably less than full primary short- 
circuit current and yet it is desirable to clear these as promptly 
as possible. Hence, it is advisable, ordinarily, to grade the fuse 
sizes according to transformer size, establishing some mimmum 
value such as 200 or 300 per cent of full load as a basis> which 
will care for the first point mentioned above. Naturally, for 
locations near large generating sources, especially on underground 
systems, the short-circuit current is likely to be relatively high 
and the grading of fuse sizes becomes relatively less important. 

Time Characterzstic. —^The time characteristic may become im¬ 
portant in the primary fuse if it is used in coimection with other 
fuses. For example, with a transformer feeding a single service 
there will be large secondary fuses on that service on the custo¬ 
mer’s board. The time characteristic of the primary fuse should 
be such that it will not blow before the secondary fuses do, in 
case of a heavy short on the service wiring. 

VoUage roMngy dbUvty to clear favUs and overloadsj and median^ 
iced features should all be studied, by actual test if need be, to 
make sure that the fuse will fulfill its duty imder all circumstances 
of normal operation or emergency. 

Secondary Fuses (Not Including Customers* Fuses on Indi¬ 
vidual Services).—Secondary fuses are usually used with dis¬ 
tribution transformers on overhead secondaries only when the 
transformers are banked together on a common secondary. 
There are two different ways in which this is done, as was 
explained in Chap. VII under “Secondary Banks.” 

In some cases sectionalising fuses are installed in the secondary 
midway between the transformers. Fig. 163. These fuses are 
comparatively small since normally they would not carry much 
current—only the unavoidable interchange one way or the other 
as the load varies or on account of it being impossible to locate 
them at an exact neutral point. If one transformer should go 
out, however, its load will be fed by adjacent transformers 
through the fuses and if the current tibus passing is of any con¬ 
siderable amount, it will blow these fuses thus interrupting service 
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to the section of secondary fed normally by the damaged 
transformer. 

The other practice is to fuse the secondary connections to each 
transformer. Fig. 154. In this ease the fuse is expected to blow 
in case of a short m the transformer thus clearing it from the 
secondary bards. Shorts on the overhead secondary mains them¬ 
selves are comparatively unusual and will ordinarily bum clear 



Fio. 153.—Uso of secondary sectional tsing fuses., 

without blowing transformer fuses. This practice allows full 
advantage to be taken of the banking of transformers. Reserve 
capacity must be retained in each transformer, however, to take 
care of emergency overloads due to adjacent transformer outages. 
The size of the fuse also requires careful consideration. In 
general, the factors affecting the size of the primary fuse as dis¬ 
cussed above will also apply here and it is well to have the sccond- 
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ary and primary fuses for any transformer correspond in size. 
One further point is important. Since the fuse is expected to 
blow on a short circuit in the transformer, its edze must be such 
that the short-circuit current which can be developed at that 
point (depending on the distance from other traosformexs, size 
of secondary wires, sizes of other transformers, etc.) will cause 
it to blow. This factor may have an izn{K>rtant bearing on the 
design of the bank as to transformer size and arrangement. 

Fuses in grounded netdraU cither primary or secondary are 
unnecessary and are usually omitted. In case of the seotionaliz- 
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ing secondary fuses theu* presence might create a danger in possi¬ 
bly breaking or at least reducing the effectiveness of the ground 
on the neutral 

Secondary Fuses in IJndergrotmd wAJtematmg-current Second¬ 
aries.—On some of the most recent underground alternating-cur¬ 
rent secondary networks installed, fuses are entirely omitted 
from both mams and service branches, faults being expected to 
bum clear. In order to have some assurance that this will 
happen, the network must be carefully designed as to size of cables 
and connected transformer capacity. Otherwise, fuses should 
be used for disconnecting faulty branches or sectionalizing 
trouble. In doing so, care must be taken not to get fuses of 
too nearly the same size in senes on any fault current, otherwise 
imwishedfor openings will occur and the trouble will not be 
localized. 

Fuses in Underground Direct-current System.—^Fuses are 
quite generally used on direct-current mains, branches, and ser- 
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Fig. 156 —Fuses on direct-current network. 


vices at all junction points, also on feeders, at the network end, 
except on the very largest sizes where circuit breakers are some¬ 
times employed. In this case, the network connections furnish 
multiple paths for fault current into the faulty section of cable, 
assuring the blowing of fuses only at the ends of the faulty sec¬ 
tion even though they are of the same size as other fuses on the 
system, smce the current through them is considerably larger 
than through the other fuses. Fig. 155. The current through 
fuse o, for example, is the sum of those through 6, c, and d. 

Primary Fuses on Branch Lines.—Primary fuses are sometimes 
used on branch lines, such as long branches off main circuits in 
rural districts. Their purpose is to clear short ciromts occurring 
on these branches without interrupting service on the main cir¬ 
cuits, also to act as convenient disconnects to help in locating 
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faults. The danger here is that these fuses as well as the trans¬ 
former fuses may blow in case of trouble in a transformer, thus 
interrupting all the service on the branch line and making the 
trouble harder to find. The importance of maintaining con¬ 
tinuous service on the main circuit may outweigh these objections 
and point to the use of fuses, but otherwise they are likely to be a 
source of trouble unless the time characteristics and sizes are 
very carefully proportioned in relation to those of the transformer 
fuses. For disconnecting purposes only, other satisfactory means 
may be found. 

Fusing Underground Services off Overhead Lines.—Troubles 
on underground services off overhead lines either at primary or 
secondary voltage, while not more likely to occur than on the 
overhead part of line, are more difficult to locate when they do 
occur. Hence it is advisable, if possible, to install f^ses on such 
services at the cable pole. The general precaution of not having 
fuses of similar size and characteristics in series must be observed 
here, however, since such additional fus^, either on the lines 
outside or the service inside, may defeat the purpose of the fuses 
in quesMbn. 

OfhcjPDisdShnecting Devices.—There are several other discon¬ 
necting devices in common use on distribution systems, some of the 
most important of which will be taken up and discussed briefly. 

Oil CircuiA Breakers ,—Oil circuit breakers are generally used 
on the substation ends of primary feeders for the purpose of open¬ 
ing and closing the circuit when desired, whether or not under 
load, also for automatically opening the circuit when subjected 
to short-circuit cxirrents due to faults on the circuit. An oil 
circuit breaker is essentially a switch whose contacts open under 
oil which quenches any arc which may tend to form on the open¬ 
ing. For the above purpose they must be so designed as to inter¬ 
rupt the max i mu m short-circuit current which may be imposed 
on them. 

Similarly, oil circuit breakers must be used at points on the 
system, elsewhere than at substations, where a like duty is 
impcMsed, i.e., the necessity for interrupthstg heavy short-circuit 
currents. Such locations are, for example, at large customers, 
fed at primary voltage, used as a master switch controlling the 
whole service (and sometimes also on branch circuits) when the 
short-circuit duty is greater than can be handled by fuses, or on 
loop power lines to sectionalise the loop, etc. 
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Oil switches sxiitable for switching load current but not 
designed for interrupting short-circuit current are sometimes 
used on primary branches, services, etc., where the load current 
must be mterrupted comparatively frequently and where it is 
not necessary to clear fault currents. These are always used in 
series with some other device, oil circuit breaker, or fuse which 
can interrupt short-circuit current. An example of this is the 
double-throw switch mentioned in Chap. VI, by which a pri¬ 
mary service can be thrown from one to the other of two separate 
feeds, either automatically or manually. A fuse is used in series, 
either in each of the feeds or in the service branch from the switch, 
to clear the circuit in case of a fault. 

The use of oil circuit breakers or switches is very largely con¬ 
fined to substation, vault, or manhole installations, since such 
apparatus is somewhat difQ.cult to install and maintain on poles 
for serial circuits and there is, as a rule, less necessity for opening 
serial lines under load. Some limited applications are found, 
however. 

The oil switch is probably the most dependable and convenient 
to operate of any of the disconnecting apparatus jawaiMble. but 
it is likewise the most costly, hence its use is gei!E^:j|pil^PI|xnited 
to those applications where other apparatus is not satisfactory. 

Air-breaJe Switches. —^Air-break switches are generally used (at 
primary voltages) in locations where it is necessary to open the 
circuit under voltage only, with no load current or at least a very 
small amoimt. The current they must interrupt is hence only 
the charging or exciting current of lines or apparatus connected. 
Under certain conditions, however, this ciirrent may be of suf¬ 
ficient amount to make an oil switch advisable. 

Air-break switches are sometimes used in the form of a gang- 
operated pole-top switch. These generally are equipped with 
auxiliary horn gaps to take care of the arc and are capable of 
breaking a certain amount of load current. See Fig. 323. 

Another common form is the ordinary discoimecting switch 
which is usually operated one pole at a time. They are gener¬ 
ally not designed to break any great amount of current and their 
use should be limited to points where no load current and only a 
oharging current must be interrupted. 

Air-break switches are used at jumpermg points between over¬ 
head HnAci, on cable poles to disconnect the overhead from the 
cable, at branch points to disconnect branch lines, and to dis- 
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connect apparatus such as oil circuit breakers or transformers 
(where the load current may be otherwise broken), etc. 

Air-break switches at secondary voltage are quite commonly 
used to interrupt load currents where fuses are not suitable on 
account of the size of the current or the necessity for reclosing the 
circuit promptly. The chief use for such switches on the dis¬ 
tribution system is on direct-current feeders, the station end of 
which are quite generally equipped with air-break switches. On 
some of the larger feeders (of the order of 2,000,000 cir. mils) 
remotely controlled manhole circuit breakers have been used in 
some cases for switching at the network end of the feeder. 
Another use which has come into prominence recently is the auto¬ 
matic network protector or unit used in connection with alternat¬ 
ing-current secondary networks. They have been described 
quite fully in Chap. VII and it need not be repeated here. 

Disconnecting potheads are essentially single-pole, air-<-break 
switches with the contacts enclosed, or nearly so, in porcelain, at 
least when the circuit is closed. They find convenient use at 
jumpering points, primary branches, etc., where little charging 
currenl 9 (|pee<;iJ|p^ broken. Sec Fig. 322. 

Fus0d —A majority of holders for primary fuses are 

designed so that either the fuse acts as a cutout or there is a 
separate cutout or switch in connection. They are In this regard 
essentially an air-break switch or disconnect, generally used in 
connection with distribution transformers, etc. 

Various types of lugs^ clamps^ etc., are also sometimes used as 
disconnects, being in purpose and action essentially air-break 
switches. 



CHAPTER XIII 
LIGHTNINO ARRESTERS 


One of tlie chief sources of trouble on overhead distribution 
circuits is lightning. It results in damage to wires, insulators, 
pole^, and other equipment and apparatus, especially transformer 
windingSp^ 

A brifi description of the generally accepted theory of the 
nature of lightning disturbances might not be amiss. A storm 
cloud is conceived of as having a heavy static charge of either 
H- or — polarity. Hence it induces a charge of equal strength 
but opposite polarity in the earth beneath it, see Pig. 156. 
W^here an electrical line occurs beneath the cloud, it finds itself 
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in this electrical field and, being connected to the earth through 
the conductance of its supports (even though such conductance 
is relatively small), it will also be negatively charged- If a 
discharge takes place between the cloud and the earth, the line 
may be ejffected in one of two ways. The discharge or lightning 
stroke may hit the line or its supports directly. There is an 
enormous amount of energy dissipated in a short period of time. 
The stroke seeks the ground by the shortest path and usually 
damages that path considerably in its course. Such an occur¬ 
rence results in shattered poles, broken insulators, burned wires, 
etc. It is usually considered impracticable if not impossible 
to protect distribution lines against all such strokes. 

The other effect is one induced in the hne when the discharge 
takes place at some other point than on the line itself. In this 
case, the charges on cloud and earth neutralize each other by the 

239 





240 


ELECTRICAL DISTRIBUTION ENGINEERING 


stroke, but the charge in the line, due to the fact that the lino 
is insulated from the ground, cannot discharge so rapidly The 
result is a surge traveling along the line in both <lirections, seeking 
an outlet to earth, until its energy is expended by corona, leakage, 
and losses m the conductor, unless otherwise discharged. The 
voltage of the original surge in any case is proportional to the 
height of the line above ground. 

It is probable that the height of such induced surges is consider¬ 
ably limited on distribution circuits as compared with higher 
voltage transmission circuits not only by the fact that they are, 
in general, actually closer to the ground, but also by their prox¬ 
imity to trees along the line, the presence of secondaries with 
grounded neutral, etc. Also, the comparatively low insulation 
to ground allows the surge to dissipate much more rapidly and 
hence not to travel any great distance. It is impossible to say 
at this time what values the sur^ will reach nor how far it will 
travel before being reduced to an insignificant value but it ^ems 
probable that, on the ordinary distribution circuit, this distance 
will not be over a half mile or so from the point of origin. 

Such a surge entering the windings of a transformer will seek 
out any weak point in the insulation to ground and puncture 
through. This effect is magnified by the fact that the transformer 
winding presents a highly inductive path which has the effect of 
building up the voltage at the terminals. End turns of trans¬ 
former coils are more highly insulated to provide against this 
effect. 

The best protection we have against such a surge is the light¬ 
ning arrester installed as close as poosible to the apparatus which 
it is to protect. Its effect, if it performs properly, is to allow the 
energy of the surge to escape to ground through it without 
allowing the normal energy on the line to follow it and continue 
the arc, forming a ground on the line. 

A lightning arrester oonsists essentially of two features: 

1. An air gap, or series of gaps, so paroportioned that it will 
not flash over at normal line volta^ or at a voltage high enough 
above line voltage to insure a^inst unnecessary, undesired 
operation, but will flash over under voltagea of the order of 
lightning surges which might damage the apparatus which the 
arrester protects. 

2. Some method for extinguishing the arc formed by this 
flashover and preventing the power arc from following. 
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Several different methods are used in different arresters for 
accomplishing this purpose. The simple horn gap makes use 
of the fact that the arc will nse and thus pull itself out as the 
horns separate. This type does not operate as fast as some other 
t3T>®®> however, and the discharge is hkely to be accompanied 
by other secondary surges induced in the circuit. In this and 
some other ts^ies, the gaps are in series with resistances which 
oppose the power arc. In others, the material of the conducting 
path through the arrester is such that it allows the surge to pass 
but offers a high resistance to the power arc. 

The characteristics of the arrester which should be considered 
in choosing the proper type are: 

1. Speed of Discharge .—It must be fast enough to reheve the 
stress on the apparatus promptly. 

2. Y(Mage Retained on, JSine.—In some arresters the resistance 
to discharge increases with the amount of current, in others it 
decreases, the completeness with which the surge is discharged 
in a given time being affected accordingly. 

3. YoUage SeUing .—^The voltage above which the arrester will 
discharge should not be so low as to cause discharge on unimpor¬ 
tant surges but should be low enough to insure prompt action 
with dangerous values of voltage. Two to two and one-fourth 
times normal line voltage to ground is a common figure. 

4. Thermal Capacity .—Some arresters will stand more repeated 
discharges than others without damage to themselves. Such 
discharges may occur with arcing groimds on an ungrounded 
system, for example. 

5. Action of Arrester on Failure to Operate .—Some arresters, if 
damaged so that they will not operate to clear the power arc, 
hold on as a direct path to groimd without visible evidence of 
failure. Such trouble is difficult to locate. An arrester which 
will blow up on such failure has the advantage in this regard, 
especially on an ungrounded circuit where an arcing ground at 
some point may induce failure in an arrester which, if not cleared, 
produces a double ground on the line. 

Grounding.—^No arrester can be effective unless it is properly 
grounded. There wxU he no positive indication of this until the 
protected apparatus is damaged. The arrester simply doc^ not 
function and hence is of no use. This indicates the desirability 
of careful attention to the securing of a good, low-resistance 
ground. A water-pipe connection is of course the most desirable, 
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but since the path from arrester to ground should be as short 
and straight as possible, this type of connection is often difficult 
to make at a line-transformer location. If a driven rod is used, 
it should be long enough to reach permanent moisture if possible, 
if not, two or more rods as far apart as practicable will decrease 
the resistance. Salting the rod with sodium ohlori<ic or copper 
sulphate, and other means are sometimes employed to reduce 
the resistance of the ground. No such means is generally recog¬ 
nized as desirable, the corrosive action of the chemical in some 
cases materially shortening the life of the ground rod. In other 
cases the effect is only temporary. Since probably the greater 
part of the resistance of the ground connection as a whole is in 
the earth itself around the rod (for a radius of several feet), 
and the contact resistance between rod and earth is only a part 
of the total, it seems logical to assume that more stress should 
be laid in having rods long enough to reach moist soil and having 
enough rods (at fairly wide spacing), than on the diameter of the 
rod or the condition of the soil immediately around it. 

Use of Arrestws.—Investigation carried on in several places 
have indicated quite clearly the advantages of using lightning 
arresters at every transformer location as a means of preventing 
burning out of transformers. Kegular spaudng of arresters at 
intervals of niile or so is sometimes practiced but is no 
doubt not as effective on account of the comparatively short 
distance which the surge probably travels and the likelihood of a 
surge originating between arresters and near a transformer. 

The use of an arrester at each transformer, regardlosB of how 
small the transformer, is subject to some economic conmdemtion, 
of course. If the arrester cost is high in comparison with the 
cost of the transformer itself smd in comparison with the number 
of burnouts probable, it may be economical to omit them. 
Consideration must also be given to the value or necessity of 
maintaining service, however. On important service the arrester 
is good insurance. 

As a rule, lightning arresters should also be installed on all 
cable poles, where the circuit patwes from overhead to under- 
grotmd or vice verea. 

Location of Arrester.—A good general rule for locating the 
arrester is to place it as close as convenient to the apparatiw to be 
protected. This may be somewhat modified by considerations 
of practicability of construction, and also, in some cases, by the 
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advrsability of placing the arrester where the height of the surge 
voltage iriay be most severe, in order to accelerate its operation . 

Oeneral Oonsiderations.—-A. few general points regarding 
the behavior of lightning and hghtning arresters should be borne 
in mind in studying this problem: 

1. That a hghtning surge travels with practically the speed 
of light and hence a few feet of circuit more or less should make 
little difference comparatively in the protective value of g>.r> 
arrester. 

2. That the surge has a very steep front as a rule but the steep¬ 
ness of the front and the height of the surge are changed by every 
change in characteristics of the circmt to ground (as to surge 
impedance, which is denoted by *\/X//C7). At such points of 
change a partial reflection usually takes place with sometimes an 
attendant pihng up of the voltage. 

3. That a lightning arrester will not necessarily prevent a 
surge from striking or entering the apparatus protected, in fact 
in most cases it wall have no such effect. Its function is rather to 
discharge quickly enough after the surge voltage is applied to 
prevent that voltage from having time to damage the insulation 
of the apparatus protected. 

4. That the effectiveness of an arrester, aside from its own 
internal characteristics, depends on the ability of the ground 
connection to discharge the abnormal current to the ground. 
This makes it a requisite that the whole connection from arrester 
to ground, including wiring, ground rod, and ground itself must 
be of as low impedance as practicable. 
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It is intended in this chapter to review briefly some of the more 
important fundamentals of electrical theory which underlie the 
work given in the preceding chapters. It will servo as a ready 
reference on such points. 

i Voltage and Current-—Voltage is the term applied to difference 
in electric potential which exists between two points such as the 
terminals of an electric circuit. The unit of voltage is the voU. 

When voltage is applied across the terminals of a closed elec^ 
trical circuit it causes an electrical current to flow through that 
circuit. The unit of ctirrent is the ampere. 



If the voltage and current are'ln one direction only through the 
circuit, the circuit is termed a ^^direct-cunrent circuit. The 
voltage may be of constant magnitude, such as that produced by a 
battery, or it may be pulsating, such as that coming from a 
rectifier, that is, rising from O to a maximum then falling to O 
again in periodic cycles but without reversal. The usual direct 
current for general distribution produced by a rotating machine 
(generator or converter), is, in efiect, of constant magnitude or 
continuous. 

In an aUerncMi^’^mirrent circtfit the voltage and current paee 
through periodic cycles of xoveipsaj, the number of complete 
cycles in 1 sec. being termed the **frequency.” The ordinaary 

1S44 
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alternating current for general commercial distribution is usually 
intended to follow approximately a sine wave, t.e., its instan¬ 
taneous values through each complete cycle follow, proportion¬ 
ally, the values of sine & as it passes through a complete cycle 
from ^ = 0 to ^ == 360®. This is illustrated by Fig. 157. The 
relations between instantaneous and maximum values are 
expressed by the equations: 

e == Em. sin = E^*^ sin (29r/0 (48) 

% = sin a>t = Im sin (27r/C) (49) 


where e and i are instantaneous values of voltage and current at 
any time t 

Em and Im are maximum values of voltage and current. 

€0 =* frequency expressed in angular measurement, 
radians per second. 

< 0 t = 27r/i radians. 


(27r radians = 360®.) 


f = frequency in cycles per second- 
t == elapsed time in seconds. 

The values for voltage and current ordinarily used, those 
which are measured by the ordinary voltmeter and ammeter 
are the integrated averages for a half cycle rather than maximum 
values. They are called ‘^effective voltage” and “effective 
current/^ 


Effective voltage, E = 
Effective current, I = 


Em 

V2' 


Resistance.— Resistance is a property of an electrical circuit 
which opposes the passage of a current through it. It is a 
property of the material itself of the conductor rather than the 
arrangement of conductors and is effective against both alternat¬ 
ing and direct currents. It is akin to “electrical friction^' and 
results in a loss of power in direct proportion to the value of the 
resistance. Resistance is expressed in 

For a conductor of uniform cross-section such as a wire, the 
resistance may be obtained from 


JB 


A 


(50) 
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where 

R = the total resistance. 

L = the length. 

A — the cross-sectional area of the conductor. 

p = the resistivity. 

Resistivity is expressed in various terms but probably the most 
convenient for the present purpose is that of ohms per mil foot, 
L being given in feet and A in circular mils. 

Resistivity of a metal varies somewhat with its temperature 
but the effect is comparatively small and may usually be dis¬ 
regarded in the problems concerning distribution circuits. Skin 
efect also has an influence on resistivity when dealing with 
alternating currents. With copper wire this is also usually 
negligible. With steel and copper-covered steel conductors the 
skin effect may be appreciable, especially in the larger sises. 
For copper-covered steel, the increase in resistivity is from 
6 per cent in the smaller sizes, to 25 per cent in sizes about 
No. 0000, and as much as 80 to 100 per cent in lai^e stranded 
cables. For steel wire® the effect depends on the composition 
and hardness (which also affect the resistivity with direct 
current). With harder steel the increase with alternating current 
is negligible but with softer steel it may run from 50 to 100 per 
cent. Steel also has the characteristic that resistance to alternat¬ 
ing current increases with the current to a certain value, then 
decreases for higher values. 

Table VIII gives approximate valuta of resistivity of the 
various ordinary conductor materials: 

Tables IX and X give values of resistance per 1,000 ft. for 
various standard sizes of wires. 

TaBI« VIII.-RSBIBOnVlTT OF OONDUOTOR MATSRIAIiS (D{B»CrXV.COBBBI«T) 

AT 20*C. - es^F. 

Ohma por Mil Foot 


Copper—100 per cent pure. 10 371 

Copper—oommercial... 10.6 to 10.8 

Aluminum... 17 

Aluminum—steel reinforced <6/1). 17,3 

Steel—soft (EBB)*. 60to60 

Steel—^h«rd (high strength strand)... 100 to 120 

Copper-covered steel*—80 per cent.36 

Copper-ooveied sted.*—40 per cent... 26.3 


* Skm effeot apii>r«ctoble toe altsmsting oumot Owe test). 











—Resktancb of Wises at 20°C. (68°F.) in Ohms per 1,000 Ft. 
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> 2 per cent added to resietance of solid wire to obtain that of stranded 
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Table X. — (jCorUimied) 

Resistance of Galvanized Iron (Steel Wires) at 20®C. (68®F ) in 
Ohms per 1,000 Ft , for Direct Current* 

(Solid Wire) 


Gauge, 

B W G 

Area, 

circular mils 

Resistance in ohms per 1,000 ft. 

Steel 

B.B. 

EBB. 

8 

27,200 

3 28 

2 81 

2 35 

7 

32,400 

2.76 

2 37 

1 985 

6 

41,200 

2 17 

1.862 

1 567 

6 

48,400 

1.845 

1 585 

1 327 

4 

66,600 

1 575 

1 353 

1 132 

3 

64,600 

1.333 

1 145 

0 957 

2 

80,700 

1 108 

0 950 

0 795 

1 

90,000 

0 990 

0 852 

0 712 

0 

115,690 

0 772 

0 663 

0 555 


Inductance.—Inductance is a property of an electrical circuit 
which opposes any change in the magnitude of the current passing 
through it. It thus is effective against alternating current which 
IS constantly increasing or decreasir^ but not against direct cur¬ 
rent of constant value. It is due to the interlinkage of the con¬ 
ductors with the magnetic flux caused by the current in the 


circuit. 


The unit of inductance is the henry or milhhenry 



Inductance effects on a distribution circuit are of three 


types: 

1. Effect in a conductor due to the current in that conductor. 

2. Effect in a conductor due to the current in the return con¬ 
ductor of the same circuit. 

3. Effect in the conductor of one circuit due to the current in 
other adjacent circuits. 

The third effect is generally considered negligible although 
there is no doubt that in certain cases it may be appreciable. 

The first and second inductance effects are expressed by the 
equation, 

L = O.ldOsAogio I) + 0.0152/1 


millihenrys per conductor per 1,000 ft. (51) 
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where 

a = radius of conductor in inches. 
b == distance between centers of conductors in inches. 

/* = permeability of matenal. 

For copper or aluminum /i* = 1. 

For copper-covered steel—small sizes ju *= 8. 

For copper-covemd steel No. 0000 .u = 4. 

For copper-covered steel stramled 0 to 20 accord¬ 

ing to strand¬ 
ing and size. 

For steel pi, varies with composition, size, current, and 
frequency approximately as follows: 


High strength... 13 to 16 (increases with 

current). 

Siemens-Martin... 13 to 18, 

Standard strand . 30 to 60 (60 cycles). 

Standard strand -.. 40 to 80 (26 cycles). 

B.B. 236 to 260 (60 cycles). 

B.B. 300 to 426 (26 cycles). 


The above formula is used for both single-phase and 
three-phase. For linsymmetrical spacing on three-phase, 
b * -^bi XbiX bf. 

The opposition of a given amount of inductance to the passage 
of a current is called inductive reactance. This is a niuantity 
dependent on thh rate of change of the current. It is expressed 
in ohms and is somewhat similar to resistance in that it is used, 
in computing problems in distribution circuite, as a property of the 
individual conductor rather than the circuit as a whole. With 
single-phase circuits, for example, the total length of wire is used— 
not the length of the line; for three-phase the length per phase, etc. 

For sine-wave, altemating-eurrent, inductive reactance may be 
expressed as: 

Inductive reactance X «» ohms per 1,000 ft. 

per conductor (62) 

where 

/ “« frequency in cycles per a^mnd. 

Tables XI and XII give values of inductive reactance per 1,000 
ft. of conductorfor various standard conductor sizes and spacings 
and for 60- and 26-oyole current. 









Table XL—iNDumra Reactance peb Single Conductor in Ohms per 1,000 Ft 
60 Cycle, Copper or Alummum, /i = 1 



1 For stranded conductors the inductance will be apprommatdy 0 0013 ohm less than for solid of the same size 




























































































































Tabxx XU.—iKDUcrmE Eeactakce i>sb SiifGi;£ Conductor in Ohub per 1,000 Feet 
2fi Cycle, Copper or Aluminum = 1 



ooBduMnntlKiiidnrtaDM iriD be HifiraidnateiT 0.0006 abm tan than for soUd of tbesame nw. 
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Capacity.—Capacity, capacitance, or permittance is that prop¬ 
erty of an electnc circuit whereby it holds an electric charge, 
as in the case of an electnc condenser. Power circuits have 
capacitance between conductors (and also to ground but the 
latter is usually considered negligible in comparison with the 
former in power circuit problems). Capacitance is expressed in 

farads or microfarads I* i® given by the equation 

C = microfarads per 1,000 ft. per conductor, (53) 


where 

a — radius of conductor in inches. 

& = distance between centers of conductors in inches. 


This is capacttance to neutral for either single-phase or 
three-phase circuits. For unssrmmetrical three-phase 


& — X 62 X &s. 

f' 

The measure of the opposition of a capacitance to the passage 
of an electrical current is called its ‘^capacity reactance'’ or ‘*con- 
densance,” expressed in ohms. 

For sme--v^ave alternating-current, capacity reactance = 


where 


X, 


10 « 

2wfC 


ohms per 1,000 ft per conductor. 


(64) 


‘ f — frequency in cycles per second. 


Since capacitance on a power circuit is between conductors 
(or is a shunt-circuit phenomenon), its effect is to cause a current 
to flow in addition to the normal power current, this current 
being the charging current necessary to chai^ that capacitance. 
Charging current is expressed by 

Charging current — ~ amp. per conductor per 

1,000 ft. (56) 


E 

Ee = voltage to neutral = for single-phase. 


2 
E 

V3 


for three-phase. 


On distribution circuits the voltages and distances are com¬ 
paratively low and capacitance plays such a small part that its 
effect is usually neglected. Hence no tables will be given here 
for this quantity. 
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Voltage-Cturent Relations.—The relations between voltage, 
current, resistance, and reactance in simphi circuits arc given 
below: 


Symbols . . . E = effective voltage in volts. 

I — effective current in amperes. 
Ji = resistance in ohms. 

X = inductive reactance^ in ohms. 
X, — capacity reactance in oiuns. 
Z = impedance in ohms. 
Resistance only, E *= RI (Fig. 158). 



Indztetive reactance 
only, B 


XI (Pig. 16©) 




Fzo. 150.—Circuit with Inductive reacUinoe only. 

Capacity reactance 
oniy, E « Xa (Pig. 160) 


-nr 

I 

1 

I 

I 

£ 


xcLJj 
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Indudave reactance 
and capcunty rea^r- 

tance, E {X - X,)I (Fig. 161). 


I ^ 

I 

£ 

I f 






Vector^ 


I'lG* X61« Oircuit witli inductive and capacity reactances in series- 

Inductive reactance 
and resistance tn 

senes, E = + X® I ^ ZI (Fig. 162). 


Vectors 

Pig, 162.—Oircuit with reactance and resistance in series. 


Two %mpedances zn 


E - VlRi + + (Xi H- J(Fig. 163) 


I 

-*-fc—» Vectors 

Fig 163 —Circuit with impedances in senes 
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In general, where two or more resistances are in senes, the total 
equivalent resistance is equal to their arithmetical sum 

Ji — Ri + Rz "f" etc. 

Similarly where two or more reactances arc in series, 

X X: + Xz + Xz, etc. 

Hence for two or more impedances in series, the total impedance is 

z _ 

®= "s/JRi + Ri + Ri, etc.) C-^i “1“ -^2 *1" ■X’s» etc.)®. 

Where two or more resistances, reactances, or impedances are 
placed in parallel however, their reciprocals must be used in 
finding the equivalent values for the circuit as a whole. 

The reciprocal of resistance is cemductarice » G, 

The reciprocal of reactance is susceptamce =* B, 

The reciprocal of impedance is admittance * Y. 

These quantities are all expressed mhos and are represented by 
the symbols given above. It is sometimes convenient to think 
of these quantities as measures of the degree in which current is 
allowed to flow through a circuit in the same way that resistance, 
reactance, and impedance are measures of the degree of opposi* 
tion to the flow of current through a circuit. The simple relations 
arc as follows: 

Resistances in paraUel, 



“*■/ 

Fio. 164.—Circuit with rcsiatancea in parallel. 
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Reactances in paraUd,, 

® “ r r i ^ j. “ 5r +i,+B. = i 

Xx^ Xz 

or 

I = EB. 



If the reactances are dissimilar, i.e., one capacity and one 
inductive, 


I = B(B - Bo) (Fig. 166). 



Reactance and reeistance in pardUel, 
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I - BVC('‘ = BY (Fig. 167). 




Fro. 167.'—Circuit with rr^S 2 Btan<*e and reactance in parulioL 

Two or more impedances in parallel, 

I = EVlGC-fG^F+ (Bi + 'B*y« (Fig. 108). 




Pio. xe8.—Circuit with imp«d*nee» In param«I. 

The simple relations of <? -« T/M, B •» I/X used above are 
true where the circuits concerned contain only B or but not 
both. The general relationships are as follows, Fig. 169: 



Consider a circuit with an impressed voltage «• E and a total 
current «= 1 
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E = ZI may be replaced by two components, RI in phase 
with I and XI 90 deg. out of phase with I, that is, 
an equivalent circuit with R and X in series 
I — YE may be replaced by two components, GE in phase 
wnth E and BE 90 deg out of phase with E, that is, 
an equivalent circuit with G and B in parallel. 



z = VR^ X®. 

(56) 


Y = + B\ 

(57) 


E = ZI ZYE. 

(58) 


II 

(59) 

GE = YE cos e. 

RI = ZI cos d. 


BE = YE sin 6 

XI = ZI sin e. 


G — Y cos Q. 

R — Z cos 6. 


B — Y sin &. 

X = Z sin &. 



^ ^ “ I* (60) 


If the circuit has R only (no X), 

Z ^ R and G - 

° ~ ^z~ 

If the circuit has X only (no JB), 

Z = X and ^ ^ 

i2 = Zy = (62) 

X = (63) 

These quantities apply to a circuit as a whole regardless of 
whether it is made up of parallel or series components, z.e., 
R, X, Z, O, B, and Y apply to the ciremt as a whole and not 
to any part. The relationships are useful, therefore, in dealing 
with impedances in paraUel. For example, one of such imped¬ 
ances with Rt and Xi in series may be considered equivalent to 
<?i * Ri/Zx^ and Bx = "XxfZi^ in parallel. 

Similarly, 

G^ = 0 and B. = 0, etc. 


JL 

R 

(61) 
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The equivalent circuit then consists of Qu Bi, JSa, all in 
parallel and 

(7 = Gi + Gi, equivalent conductance of the circuit as a 
whole. 

B — Bi Bz, equivalent susceptanoe of the circuit as a 
whole. 

}' == -v/G* + J?*, equivalent admittance of the circuit as a 
whole. 


These can then be converted into the characteristics of an 
equivalent series circuit, if desired, by 


Z 


1 

Y‘ 


R 


X 


G 

r*' 

B 

K*’ 


The above may be summarized as follows: 

A circuit with several impedances in s&ries, carries the same 
current throughout, hence the voUage is equal to the vectorial 
sum of- the component voltages necessary to pass that current 
through the various parts. The total impedance is, therefore, 
equal to the vectorial sum of the varioiw impedances. 

A circuit with severed impedances in paraUel has the same 
voUage applied across each of these, the total eurreni being equal 
to the vectorial sum of the currents in the various paths, llie 
total admittance is therefore equal to the vectorial sum of the 
admittances of the various paths. 

Vectors and Complex Quantities.—^Most problems In alternat¬ 
ing currents involve the use of vectors to some extent. Vectors 
are used to represent both volta^is and currents. Referring to 
Figs. 167 and 170, it may be seen that if OA is allowed to repre¬ 
sent the maximum voltage E in magnitude, and the angle 6 
the time from the beginning of the cycle, the instantaneous 
values of the voltage at any time is given by the ordinate y«. 
Similarly for currents. 

A second voltage whose cycle starts somewhat before OA 
(a definite time or phase angle between corresponding parts on 
the two sine waves) may be superimposed on OA as i^own by AB, 
Fig. 171. The sum of the two is then represented by the vector 
sum OB. 
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Figure 172 shows how currezit is represented by the vector 
/ at a time angle 6% behind the voltage Er and 0i behind the 
voltage E which equals Er + Ex 



In many problems vector quantities may be conveniently 
dealt •with by use of their equivalent so called “complex quanti¬ 
ties.” In Fig. 173, the vector OA may be ■writ'ten 

OA = Xa 

which is merely a convenient form of expressing the rectangular 
components of OA, i.e , Xa on the horizontal axis and ya on the 



current. 4-jPo. 


vertical. The imaginary term j is the indication that ya is 
the component at right angles to Xa- It is assumed to have the 
value of ■>/ — 1 since 

jya = ya at 90“ to Xa- 

s at 180“ to Xa or in the same direction but theopposite 

sense. 

j^ya = —ya- 
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Complex quantities may be treated as al#^ebriiie quantities, 
added, subtracted, multiplied, and dividetl: 


(«« +jV»)pltis(a% +jyb) =* (»« -f* 
{Xa + jVa) minus (a-6 + jVb) 



Fxa* 174 ,~Addition of r*ompioy 
(iUttntifioB. 



Fio* 176.—MultipHoation ot 
complex quantitfee. 


Xb) + J(y« + Vb), Fig. 174 (64) 

iXa — Zh) + j(lln — Vb), 

Fig. 175 



plax quantitiaa. 



Fro* 177 *—Diviaion of complex 
quatitliiaa. 


{xa multiplied by (aa> +3Vb'> 

« Xtflk, + jiXaVb -f’ XbVu) + 3*yai/b 

*■ aj«a% — y«|fe + jixaVb 4- Xbt/a), Fig. 176. (66) 

(». + M divided by( ei + ^.) - ?? X 

a;** — 

«pig. 177. (g?) 
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CHAPTER XV 
MECHAHICAl. HESION 


Tlie term mechaniccLl design^* is here used to refer to the 
consideration of what might be called the physical elements of 
the distribution system. Whereas electrzcal desigrz^^ dealt 
with the types of electrical circuits, voltages, service requirements, 
electrical loads, etc., mechanical design concerns itself with the 
structures on which those circuits are carried and their arrange¬ 
ment with regard to the surrounding physical conditions. It 
involves study of materials of construction, strength of such 
materials in the various forms in which they may be utilized, 
stresses to be encoxmtered, advisable relationships between 
probable stresses and strengths to oppose them, considerations 
of safety to life, property, and good service, relationships with 
the property of other utilities, etc. 

Proper mechanical design is one of the chief factors in maintain¬ 
ing good service to customers. A large majority of interruptions 
to service are traceable to physical failures on the distribution 
system, broken wires, broken poles, damaged insulation, damaged 
apparatus, etc. Of course many of these are more or less 
unavoidable, being the result of unexpected occurrences in 
Nature, unusually severe storms, lightning, interference by 
unauthorized persons, and the like, also undetected flaws in 
material or workmanship- Their number can be very greatly 
reduced however, if careful attention is paid to desigmng and 
constructing the various physical parts to withstand, with 
reasonable safety factors, not only normal conditions but also 
a fair degree of probable abnormal occurrence. It is also of 
equal importance that the system be maintained in as good 
condition as possible and not be allowed to deteriorate beyond 
a reasonable degree of safety. As a rule, the maintenance 
required is more or less in inverse proportion to the excellence 
of the original construction. 

It is almost axiomatic that ultimate economy is the accompani¬ 
ment of good construction since excessive maintenance or unduly 
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short life can very easily more than overbalance a saving; in 
first cost. However, there is, naturally, a limit to what it is 
advisable to expend for extra strength or probable extra long 
life of materials. Where there are so many variables in the 
surrounding conditions, both as to probable stresses and also as to 
strength of structures, as is found in these problems, a ivasonable 
amount of extra expenditure for additional strength is a good 
investment. This can easily be carried too far, however, and 
money be spent for excessive safety factors, far beyond what 
experience shows have ever been needed. It is a problem 
requiring good engineering, including a considerable amount of 
good judgment, to determine where the line should be drawn 
between economy and safety. It is not good engineering to 
spend blindly for additional safety factors all the money which a 
trusting management can be induced to appropriate, on the 
theory that a failure, even if only remotely possible, would 
react unfavorably toward the designer, wheresas if no failure 
occurs the waste would never be detected. The probabilities of 
failure should be carefully studied and sufficient provision made 
to insure against frequent occurrence, but it should be recognized 
by all concerned that insurance against every possibility is almost 
impossible and attempts even to approach such insurance are 
usually very expensive and very likely to be unjustified by the 
requirements of the service. 

In designing a system, or a line, or a strueture, it should bo 
borne in mind that the whole is no stronger than its weakest part. 
An ideal design would be one where each constituent part had the 
same proportion of strength to probable stress as every other part, 
taking account of course of all variable conditions of loading, 
deterioration with age, etc. For esmmple, it is uneconomical 
to spend extra money for additional strength in a bolt when It is 
already much stronger, relatively, than the parts which it joins. 
There is sometimes a tendency to analyze a failure of a structure 
by attributing the cause to one particular member and increasing 
the strength of that member accordix^y without regard to others. 
This is likely to result in not ozdy an uxmeoessary increase in 
cost of construction but also in actually weakening the structure 
by placing additional stresses on other already weaker members. 
Close and accurate observation, consideration of all i^eeting 
factors, and in many eases confirmation by additional failures or 
by laboratory or field tests should be awaited before changing a 
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design which has been carefully worked out and has given reason¬ 
ably good service. 

There are no universally accepted stajidards of design for 
materials or structures for use in building a distribution system. 
The Overhead S 3 rstems Committee of the National Electric 
Light Association have from time to time proposed tentative 
standards for the more commonly used materials.^ Most 
companies use some of these standards and it would be no doubt 
desirable if they, or revisions of them, could all be generally 
adopted. At present, however, there are a great many diver¬ 
gences from the proposed standards which are almost as com¬ 
monly used as the standards themselves and these can probably 
be eliminated only by a realization of economy in the use of the 
standards 

In 1915, the first edition of the “National Electrical Safety 
Code” was published by the U. S. Bureau of Standards. This 
code was prepared with the collaboration of the various interests 
concerned—power, telephone, telegraph, railway, etc.—^and was 
intended to be a codification of recommended practice. Its 
provisions were, for the most part, intended to’set forth mini- 
mums which were considered requisite for safety. Naturally 
there were many points of disagreement among the various 
interests in this first Code, leadmg to revisions in 1916 and again 
in 1920 In 1927, another edition was brought out again revising 
the text and rearranging it in a more convenient form. There 
are still many points which have not been universally accepted 
and it is to be expected that another revision will be made before 
many years. 

This code, however, represents the nearest approach to a 
national standard which exists and, in spite of certain imperfec¬ 
tions, it forms the basis and reference standard for a greater part 
of the construction practice throughout the country. In many 
states the Code has either been adopted or has been used as a 
basis for mandatory regulations applying to all construction in 
the state. A careful study of this code is recommended to all 
engineers who have or expect to have to deal with the construction 
of distribution syatemB. The application of its provisions to 
certain parts of the construction will be quoted from time to time 
in the following chapters, it being referred to generally as “the 
Safety Code.” 

Overhead Systems Reference Book, N.E.L.A. 
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In designing structures for supporting overhead lines, two very 
indeterminate factors are encountered. The first is the maximum 
loading which is likely to be imposed. The National Electrical 
Safety Code defines three degrees of loading as follows: 

Heavy Loading —That due to radial thickness of ice on all 

conductors, plus 8 lb. per square foot horizontal wind pressure on 
all exposed surfaces (projected area for cylindiical surfae<*s), 
at O^F. 

Medium Loading .—That due to ^^-in. radial thickness of ice 
on all conductors plus 8 lb. per square foot wind pressure on all 
exposed surfaces (projected area), at +15°F. 

Light Loading ,—That due to 12 lb. per square foot wind pres¬ 
sure on all exposed surfaces (projected area), at -J- 30®F. 

The Code also indicates a division of the country into definite 
zones in which it is intended that these loadings 1^ assumed as 
maximum. There are, however, many localities in each of these 
zones where the loading assigned is not at all applicable Moun¬ 
tain regions in the light-loading area may expect to experience 
heavy loading, etc. The Code recognizes this In providing that 
the prescribed loading for any locality may be defined by admin¬ 
istrative authority. There is considerable doubt, however, 
whether the heavy loading assigned to the greater portion of this 
countiy is not more severe than is warranted by experience. 
It is recognized that more than ^~in. radial thickness of ice is 
quite often encountered. It is also known that winds of higher 
velocity than those causing 8 lb. per square foot pressure (about 
60 miles per hour) are not uncommon. It is believed, however, 
that the combination of H**in. ice and 8 lb. pressure at the same 
time is a rare occurrence in most localities, so raze indeed that it 
might be considered in the same category as cyclones and other 
disasters, against which it is almost impracticable to provide in 
ordinary construction. There are no doubt certain localities of 
linoited extent where this heavy loading is a reasonable figure for 
d^gn and there are no doubt some places where even heavier 
would be justified. It is quite probable, however, that for the 
^ater part of the so called '^heavy-loading" district as defined 
in the code, some jcevision of the loading requirements will be 
found practicable. It is possible that it may take the form of 
an increase in ice loading and a decrease in wind loading, or 
possibly a decrease in both. The Overhead Systems Committee 
of the Natioixal Electric Lighting Association has been collecting 
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data, on tliis subject for several years and some more defimte 
information on tbe probable worst loading will no doubt soon be 
available. At present, however, the Codecs provisions are those 
most generally accepted and are included in state regulations in a 
number of places, so they will be used here. 

The second indefinite quantity is the action of .structures 
under stress when elasticity and other similar factors are taken 
into account. The usual assumption in desigmng distribution 
structures is to assume all the parts to remain rigid. It is well 
known of course that this is far from the case. Poles bend, 
wire stretches, soil bearing gives/* etc. Loading, which is 
assumed to be uniformly applied, is rarely so and it is quite prob¬ 
able that the slight ‘‘giving*^ here and there materially reduces 
the stresses on individual members below the values indicated by 
computation under the assumption of rigid structures. Another 
factor of some uncertainty is the composite action of different 
materials such as wood and steel when associated in the same 
structure. It is likely to be quite different from that of each 
material or part tested separately. As a general rule, in investi¬ 
gating the strength and probable action of such structures, 
satisfactory information can be gained only by tests on full- 
sized samples, simulating field conditions, and field loading as 
far as possible. Such a test on a full-sized distribution hne to 
determine actual stresses in conductors, poles, guys, etc., under 
known wind and ice loading is now being carried forward by the 
Overhead Systems Committee of the National Electric Lighting 
Association and the results obtained will no doubt do much 
to correct our ideas of the proper assumptions to be made in 
designing pole lines. 

In continuing with the more detailed consideration of the 
various features of mechanical design on the distribution system, 
it is assumed that the reader has a working knowledge of the 
fundamental principles of structural design. A brief review of 
some of the most important ones will be found in Chap. XXX» 
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By far the greater majority of distribution circuitn in this 
country are overhead lines, carried on poles and, for the most 
part, wooden poles. When it is realized that the cost of the pole 
itself in place may represent something like 40 to 60 per cent of 
the total cost of the line, it is evident that the material, strength, 
location, spacing etc., of these poles are matters which warrant 
careful consideration. 

One of the major factom producing the large and rapid increase 
in use of electrical energy here has been the universal employment 
of overhead wooden pole lines. If underground distribution 
had been the rule, the coat would have been so much higher and 
the rates necessary also higher that growth of systems Into the 
less densely populated and outlying territories would have been 
seriously retarded. Also, the greater ease and rapidity with 
which overhead pole lines can be izsstalled as well as the smaller 
investment required have been contributory causes to the great 
development which has been and is being experien<$ed. This 
fact should be remembered when complaints are heard of the 
comparative unsightliness of overhead pole lines. 

There is no denying that overhead pole lines are rarely if ever 
thin^ps of beauty. They cannot at best be said to add much to 
the good app>earance of a street or road along which they are 
located. Their retention is merely an economic n€»ceselty result* 
ing from the dexaotand for electric sesrvice at moderate cost. When 
the line is poorly built or poorly maintained the objectionable 
features are increased. The poles, being the most obvious part 
of the construction, have a large bearing on the appearance of the 
line. Crooked or misshapen poles or good poles crookedly set 
are anything but an asset, whereas a straight, well-igpraded line 
of wellHBhaped poles has at least the virtue of appearing neat and 
workmanlike, which is itself an element of beauty. 

The chief types of timber which are used for wooden poles are 
Western Eed or Idaho cedar. Northern White, Elastem or MJcht-^ 
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gan cedar, chestnut, and Southern pine. Other woods are used to 
some extent but the greater bulk of poles are of the above four 
varieties. 

Western Red cedar poles are, as a rule, comparatively straight 
and of a uniform taper. This taper is not large, being of the 
order of 1 in. in 7 or 8 ft. They are usually relatively smooth 
and free from knots, etc. These qualities give them a good 
appearance when set in a lead. The sapwood on the outside of 
the pole is comparatively soft which is very favorable to climbing 
with spurs. The wood is durable as compared with most other 
woods, especially for above-ground or below-ground conditions. 
It is subject to decay at the grotmd hne however (as is any other 
wood) and, although more desirable than many other varieties 
even under these conditions, it is usually advisable to use some 
form of preservative treatment to prolong, its life at this point. 
The wood is comparativel^Eght, making the poles easier to 
handle than some of the other types. On accotmt of the small 
taper, the butts are not large, even on large poles, hence a moder¬ 
ate sized hole is sufQlcient for setting them. The wood has a 
relatively high strer^h compared with other woods, being only 
second to yeUow pine of those commonly used for pole timber. 
Western Red cedar comes mostly from Idaho, Washington, 
Oregon, and British Columbia. Although used in very large 
quantities, especially in the western and northern parts of the 
country, there are still large resources available in this species. 

Northern {or Easterri) White cedar poles were formerly used 
quite extensively in the northern states, especially in the region in 
which they are native, i.e., Michigan, Wisconsin, MEimesota, 
and the adjacent regions of Canada. Their use has become 
rather limited, however, due to two chief causes. The supply 
has been greatly diminished for one thing. Also, on account 
of their relatively large taper and tendency to flare at the butt, 
they are much harder to handle and set than Western cedar or 
pine poles, especially in the larger sizes. They are inclined to 
be knotty and not very straight, hence do not present the best 
appearance when set. The wood is very durable however- In 
the smaller sizes (up to 35 ft.) they are stiU vised to quite an extent, 
in the Great Lakes Region especially. Butt treatment is effective 
in prolonging their life, retarding decay at the ground line. 
Above and below ground, the wood usually has a fairly long life 
untreated. They are easy to chmb due to the soft sapwood and 
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are also relatively light to handle. The unit strength of the 
timber is less than that of Western cedar or pine but the fact that 
the taper is greater makes a Northern cedar pole somewhat 
stronger over all than a Western Red cedar pole of the same top 
diameter, its butt being considerably larger. 

Chestnut “poles were formerly native to most of the states east of 
the Mississippi River and were largely used for distribution con¬ 
struction. The blight has greatly reduced the supply and they 
now come chiefly fmm the Southeastern states and in greatly 
diminished quantities. The chestnut pole is relatively durable 
without treatment (except at the ground lino as with other 
woods) and is comparatively strong, being about equal to Western 
cedar. The poles are more like Northern cedar in appearance 
however, being inclined to be knotty and crooked, which is 
detrimental to the good appearance of the line. They are some¬ 
what harder to climb than the cedars, the outside wood being 
harder and they are also much heavier. They have the charac¬ 
teristic of being ^‘hotter” poles than the cedars, i.e., their resist¬ 
ance to the passage of electric current is somewhat less. 

Sovihem yellow pine has had a greatly increa^ng use eus a pole 
timber during the past few years, partly on account of its favor¬ 
able characteristics and partly due to the reduction in available 
supply of other timbers. There are several different varieties 
of southern yellow pine which vary considerably in strength, the 
long-leaf variety being the strongest. Since it is very diiSLcult 
to distinguish between varieties after the pole is cut (and espe- 
dtally if it is treated) the allowable strength must usually be based 
on that of the weaker varieties. Nevertheless, it is the strongest 
of the four woods here described. The poles are characteristic¬ 
ally straight and free from knots, making a very good appearance 
in a lead. The taper is slight, being even leas than western cedar 
which makes the butt comparatively small for a given top diam¬ 
eter. The greater unit strength of the wood tends to compen¬ 
sate for this if top diameter is used as a criterion. The wood is 
very hsjrd compared with rodar, which makes the poles more 
dififloult to climb. The wood is the least durable when untreated 
of any of the spedLes considered, it being usually considered 
impracticable to use pine poles unless treated for their whole length. 
When so treated their durability is very good, being claimed to 
be considerably greater than that of the cedars. The evidence so 
far is not very conclusive as to just what life may be expected. 
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Average Characteristics of Various Timbers.—The table below 
gives average figures in regard to some of the characteristics of 
the four types of poles mentioned. 


Table XIII 


Timber 

Weight m 1 
pounds per 
cubic foot ' 

Taper, increase 
m diameter 
per 10-ft 
lengthy inches 

Pounds per 
square mch 
bending. 
National 
^Electric 
Safety Code 

Recently 

proposed 

values^ 

Western Red cedar 

23 1 

1 0 to 1 5 

5.000 

5,600 

Northern White cedar 

23 1 

1 5 to 2 0 

3,600 

3.600 

Chestnut 

41 2 

1 6 to 2 

5,000 

6.000 

Southern yellow pine 

32 to 38 

0 75 to 1 5 

6,500 

6,800 

Cypress 

28 7 


5.000 

4,800 

Redwood 

24 2 


3,600 

4,400 


^ The increafied values for uzut strengths shovrn in this column have been proposed for 
generaj adoption as the result of some more recent tests They have not been approved as 
yet by the U S Bureau of Standards or the N A 


Pole Defects.—^All species of poles are subject to certain defects. 
Some of these are not very objectionable and must be overlooked 
in buying poles in commercial quantities. Others seriously 
impair the strength of the pole and should not be allowed. 

Decay may attack the pole timber in three ways. BvM rot may 
start at the center of the trunk of the tree and work upward 
slowly through the heart. It usually ceases when the tree is cut 
and set as a pple and hence is not a serioub defect unless it occupies 
a fairly large proportion of the butt area or extends a long way 
into the butt. Additional overall diameter should be required 
if the butt rot is of any considerable extent. Heart rot may start 
from a dead branch stub or sear and extend into the heart of 
the tree, working upward and downward. It is a serious defect, 
weakening the pole, and poles showing it should not be used ordi¬ 
narily. The ovtside or sapwood is subject to rot if the bark is 
removed or if the log is left on the ground any considerable 
length of time. The same effect occurs at the ground line of a 
pole after it is set, where it is subject to alternate wet and dry 
conditions. If at aU extensive, it is a serious defect, the pole 
being weakened proportionally. 

Insect damage is likely to occur to any pole before or after it 
is set, by insects entering the pole through checks, knot holes. 
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etc., and working in its interior. Often there is no external evi¬ 
dence of such, a defect. Probably the worst offender in this 
regard is the white ant or termite. This insect is found in various 
parts of the country and its prevalence seems to b<‘ spreading. 
Termites are of two general varieties, one which works undtsr- 
ground or near the ground and one which flies and attacks higher 
parts of the pole. The latter type has so far confined it s act ivities 
mostly to the warmer southern localities. It works entirely on 
the interior of the pole, channelling ami disintegrating the wcwjd 
until the pole may become a mere shell. '’J’reatnient of the 
pole with creosote is employed to discourage this pest and is 
repoirted to be quite effective. Full-length treatment of the 
pole is necessary however (as is usual with pine poles if the aerial 
type is prevalent as butt treatment docs not prevent attacks on 
the upper part of the pole. 

Checks (radial cracks due to seasoning) and shaken (circular 
splits between wood fibers due to strains in felling, handling, etc.) 
arc defects which are common and may bo serious weaknesses 
if of considerable extent. 

Knots, if sound and not too large or numerous, and ctU faces, if 
sound, are not considered serious defects. 

Seasoning of timber before it was used for polos was at one 
time considered important. It still is, if preservative treatment 
is to be applied. Otherwise there is apparently little difference 
whether the pole is seasoned before it is set or is allowed to season 
in place. If it is to be treated, it is important that a greater 
part of its moisture is removed by seasoning to allow the impreg- 
/^ting compound to enter the fibers of the wood. 

Becay and Preservative Treatment.—As has been mentioned 
above, all wood poles are particularly subject to decay at the 
ground line, and some, such as pine poles, are also quite subject 
to it elsewhere. Decay is due to a living plant organism (fungus) 
which attacks and digests the wood fiber leaving a dead substance 
of no strength. The conditions most favorable to the growth of 
decay fungi are air, moisture, and heat, tc^ther with food supply 
of course. In the section of the pole ImIow the ground line mois¬ 
ture is usually present but air is lacking. In the part above the 
ground-line air is present but moisture is lacking, except at occa¬ 
sional intervals. In the portion at the ground line and for a few 
inches below that point, both of these elements are present for a 
greater part of the time and hence this particular section is etpe* 
daily subject to decay. 
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In order to retard or prevent decay it is necessary either to 
remove the conditions favorable to its development or else to 
poison the food supply so that it will not support its growth. The 
former method appears impracticable with wood poles. The 
latter is accomphshed by various forms of preservative treatment. 
The necessary qualities of such a treatment are, first, that it 
poisons the wood against its use as food for decay fungus, second, 
that it is of such a nature that it may be injected into the wood to 
such a depth as to be beyond the point ordinarily reached by the 
spores of the decay fungus, and third, that it be of sufficiently per¬ 
manent nature that it will not evaporate or leech out of the wood, 
having then only a temporary effect. 

The most commonly used preservative at the present time is 
creoeq;te. With poles such as cedar which are relatively durable 
above the ground line, treatment is usually applied only to the 
butt end of the pole, that is from the extreme butt to a point 
which will be about 2 ft. above the ground line when the pole is 
set. Full-length treatment, even on cedars, is sometimes used 
however for the purpose of resisting insect attacks (white ants, 
etc.). The most usual form of treatment is what is known as 
the B treatment (as distinguished from AA treatment which 
employs only a 16 min, dip in hot creosote). The poles are placed 
in hot (230*F.) creosote for several hours then removed and 
placed m a bath of cold creosote, the exact duration of each 
immersion depending on the seasoning of the wood and other 
factors. The theory is that the pores of the wood and the air 
contained in the cells are expanded in the hot bath (and also some 
of the moisture contained is expelled) and the creosote m the 
cold bath is then drawn in when these contract. A thorough 
preliminary seasoning is an important factor in this treatment 
especially if perforation is not employed. The latter is now quite 
extensively used, however, in connection with this form of treat¬ 
ment. The surface wood for some distance above and below 
the probable groimd line is punctured by steel points or wedges. 
The purpose is to form channels by which the creosote may more 
readily penetrate into the wood. This is especially necessary 
with so-called "case-hardened” poles, i.e., a certain p>ereentage 
of poles which have a relatively impenetrable shell on the outside, 
and also poles which are imperfectly seasoned. It is claimed that 
the p»erforation method accomplishes better results in increased 
durability with poles which have been seasoned only a short 
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time than the B treatment without perforation does with poles 
seasoned a year or more. It cannot be said that this claim is 
thoroughly established as yet however. As a rule a in, depth 
of penetration of creosote is desirable and is easily obtainable 
with the perforation method. 

Southern yellow pine poles require treatment for their full 
length. Two types of treatment generally used arc called the 
“full-cell treatment" and "empty-cell treatment.” In the 
former, the timber is placed in a large cylindrical tank and steamed 
under pressure, after which a vacuum is drawn to remove the 
condensed steam and sap moisture. Creosote oil is then run in 
and put under high pressure to force it into the cells of the wood. 
This gives a deep impregnation and leaves the cells full of creo¬ 
sote. In the empty-cell treatment a preliminary air pressure is 
apphed, the creosote is applied under high pressure, after which 
the pressure is removed and a vacuum drawn which removes 
the excess creosote, leaving the cells empty but coated with creo¬ 
sote. Yellow-pine poles thus treated are no doubt comparatively 
durable. The full-length treatment makes them somewhat 
dirty to handle and to climb, which is sometimes considered a 
serious objection. The empty-cell treatment goes a long way 
toward removii^ this objection however. 

The application of creosote with a spray or brush has been used 
to some extent (so-called "brush treatment"). The penetration 
thus gained is so slight that this method has not proved effective 
to any large degree. An adaptation of the method has been 
recently applied to old, untreated poles, in place, with some 
success. Hot creosote is sprayed on the ground-line section of 
the pole under high pressure, the wood being first cleaned of any 
decay and sometimes charred. 

Other types of treatment have been used to some extent but 
none of them have as yet reached any where near the volume 
the creosote treatments for poles. Several kinds of salts such as 
zinc chloride, mercuric chloride, copper sulphate, etc. have been 
found more or less elective, but for the most part they are solu¬ 
ble and hence relatively impermanent. What appears to be a 
very basic study of the fundamentals of the problem of decay and 
preservative treatment has recently been m^e by L. P. Curtin of 
the Engineering Laboratories of the Western Union Telegraph 
Company. He cl^ms that the dig^tion of wood substance 
by fungus growth is almost invariably preceded by the creation 
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of an acid condition, which prepares the wood for assimilation. 
This leads to the theory that a preservative substance which 
IS relatively insoluble in water (not leeching out of the wood) but 
is soluble in acid would be ideal. Several such substances are 
available, the most favorable appearing to be zinc metarsenite. 
Laboratory experiments seem to have demonstrated its worth 
but this has not yet been verified by extensive actual experience. 

Probably the best evidence available of the value of treatment 
of pole timber in prolonging the life of poles m actual use is given 
in the report on “Service Tests of Treated and Untreated 
Poles ^ Results of test lines in several different parts of the 
country are given. Some of the more important features are 
summarized below: 


Warron-Buffalo Line of American Telegraph and Telephone CJompany after 

20 to 21 years 



Number 
of poles 
in test 

Sound, 
per cent 

Partly 
decayed, 
per cent 

Removed 
on account 
of decay, 
per cent 

Chestnut 

Untreated 

526 

0 

81 2 

18 8 

Brush treated, one coat 

100 

0 

88 

12 

Brush treated, two coats 

316 

16.2 

79 

4 8 

Open-tank treated 

176 

81 

19 

0 


Omaha-Denver Line of American Telegraph and Telephone Company after 

16 years 


Chestnut: 




93.8 

Untreated . 

176 

0 

6,2 

Brush treated, two coats 

182 

0 6 

29 6 

69.8 

Open-tank treated . . . 

176 

48 

41 1 

10.9 

Northern cedar: 




96.7 

Untreated. 

92 

0 

4 S 

Brush treated, two coats 

169 

6 

26.6 

67.4 

Open-tank treated 

157 

90 5 

7.6 

1 9 


^Senal report, Pub. 27&-3. Overhead Systems CJommittee, N.ELA, 
October, 1927, and Pub. 26-17, N.E.L.A, R M. Wicha, U. S. Forest 
Products Laboratory, Madison, Wis. 
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Savamiah-Moldmm Lino of American Telegraph and Telephono Company 

after 16 Years 



Number 
of jK>lcs 
in test 

Sound, 
per cent 

Partly 
ilccayed. 
per <*ent 

1 iieinove<l 
jon aeeounf. 

! of ileeav, 

1 p<*r 

Chiestnut: 





Untreated 

2()2 

0 

26,7 

74.3 

Brush treated, one eo«t 

35 

0 

26 6 

74.4 

Brush ti'cated, two coats 

114 

0 

62 7 

47 3 

Southern White cedar. 





Untreated , 

197 

0 

3 8 

96 2 

Brush treated, one* eoiit. 

39 

0 

2 6 


Brush treated, two coats j 

118 

1 

0 

1_ 

14 3 

86.7 

Poles in and around 

[ IjOs An#C€*l«B after 16 Years 

Western red cedar. 




1 

Untreated . , . ... 

32 

0 

40.0 

63 1 

Brush treated . ... 

60 

5 

4».3 

36 7 

Open-tank treated 

i 

244 

1 

76.4 

22.6 

2 1 


In the above, the open-tank treatment was ail done with 
creosote (for the figures given). The brush treatment was with 
various materials, creosote, carbolium, tar, etc., but the results 
did not vary widely for these. Some of the poles wore set green 
and some seasoned but the results did not seem to be consistent 
in this regard so they are not given separately. The figures given 
are only totals and the reports referred to should be consulted for 
further details in regard to treatment, etc. The points which it 
is wished to bring out are the very evident prolongations of life 
by the open-tank treatment. Brush treatment, while somewhat 
effective, does not compare in effectiveness with the open-tank. 
Two brush coats are apparently somewhat better than one. 

Size and Classification.—The height of pole to be used in any 
particular location depends on several factors such as: 

1. Lei^h of pole space to be occupied by wires and other equipment. 

2. Clearance above ground required or desired for wires and other 
equipment. 

8. Clearance required or desired above obstructions to bs orossad such as 
trees, buildings, wires and poles of other utilitiw. 

4. Height above ground (or obstructions) necenary to allow branch 
circuits, such as service drops, to be taken off. 

5. Regulations of local authorities. 
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Probably the most commonly used pole for general distribution 
purposes is the 35-ft. pole. This ordmanly fxilfills very well 
the requirements for clearance above ground and height for 
taking off services, etc., with a moderate number of wires. 
T^ty-foot poles are also used to considerable extent, especially 
for rural Im es. Poles smaller than 30 ft. are not commonly 
employed for distribution hnes. The larger sizes (40 ft. and 
longer) are, of course, used for providing clearance over obstruc¬ 
tions, for heavier leads, etc. In some cities it is foimd advisable 
to use nothmg smaller than 40-ft. poles on account of the frequent 
necessity for additional clearances Where joint use of poles 
with communication circuits is practiced, higher poles are often 
required Naturally, economy points to the use of as small a 
pole as will meet the requirements but it should be kept in nund 
that a little additional investment m pole length originally 
may sometimes obviate a considerable amount of maintenance 
work later on. Data on clearances as required by the Safety 
Code is given in Chap. XXII, on “ Conductors.” Where a pole 
which IS taller than the remainder of the poles in the lead is 
used to clear a tree or other obstruction, it is customary to grade 
the line on both sides up to the tall pole, in steps of not over 5 ft. 
per span. This is not entirely necessary from the standpoint 
of strength or convenience as a rule, but it adds to the good 
appearance of the line. On rural lines, grading is often omitted 
or done in larger steps. 

The diameter of pole to be used is gauged largely, of course, 
by the strength required, which is discussed more fully below. 
For the ordinary line pole (not guyed) the critical point of 
strength is at or near the ground line, hence the diameter at that 
point is an important factor. Where a pole is guyed, however, 
the diameter at the point of attachment of the guy is the measure 
of its strength. The requirements for framing (attaching cross- 
arms, etc.) and working on a pole, impose a minimum limit on the 
diameter of the top—somewhere about 6 in. is usual. In order 
to facihtate the selection of poles to meet these requirements, 
methods of classification have been apphed to the different 
species. The poles are divided into several classes according to 
top diameter (or circumference), and the diameter 6 ft. from 
the butt (approximately the ground hne) for each length is also 
given. Thus all poles in a given class (Class B for example) 
regardless of length, should have approximately the same strength 
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TABiB XIV 


Western Red Cedar Poles and Guy Stubs (Minimum CircurafercnceH oi 

Poles in Inches) 


Class A 

Class B 

Chiss C 

Length, 

feet 

Top 

[ 6 ft. from 
butt 

Top 

6 ft. from 
butt 

Top 1 

1 

1 

[ 6 ft. from 

1 butt 

20 

28 

30 

26 

28 

i 

22 ! 

26 

22 

28 

32 

25 

30 

22 

27 

25 

28 

34 

26 

31 

22 

28 

30 

28 

37 

25 

34 

22 

30 

35 

28 

40 

25 

36 

22 

32 

40 

28 

43 

26 

38 

22 

34 

45 

28 

45 

25 

40 

22 

36 

50 

28 

47 

25 

42 

22 

38 

55 

28 

49 

25 

44 

22 

40 

60 

28 

52 

25 

46 

22 

41 

66 

28 

54 

26 

48 

22 

43 

70 

28 

56 

26 

50 




Northern White Cedar Poles (Minimum Circumferenet'S of Polea in Inches) 


20 

24 

33 

22 

29 

mi 

! 

27 

22 

24 

34 

22 

30 


28 

25 

24 

36 

22 

32 

ts9i 

30 

30 

24 

40 

22 

m 

16H 

33 

36 

24 

43 

22 

38 

mi 

; 36 

40 

24 

! 47 

22 

43 

mi 

40 

45 

24 

50 

22 

47 

ISH 

43 

50 

24 

53 

22 

50 

mi 

46 

66 

24 

66 

22 

53 

ISH 

49 

60 

24 

59 

22 

66 


i 

Chestnut Poles (Minimum Circumferences of Poles in Inches) 

26 





20 

30 

30 

24 

40 

22 

36 

20 

33 

35 

24 

43 

22 

40 

20 

36 

40 

24 

45 

22 

43 

20 

40 

46 

24 i 

48 

22 

47 

20 

43 

60 

24 

61 i 

22 

50 

20 

46 

55 

22 ' 

64 i 

22 

53 

20 

49 

60 

22 

67 i 

22 

66 



65 

22 

60 1 

22 

59 



70 

22 

68 

22 

62 



76 

22 

66 

22 

65 



80 

22 

70 

22 

69 

i 


86 

22 

73 1 

22 

72 



90 

22 

76 

22 

75 
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against load appLed horizontally at the top. Unfortunately, 
pole classification has not yet reached a basis of national standard¬ 
ization. The old IN’ational £)lectric Light Association classification 
for Western Red cedar, Northern White cedar, and chestnut are 
given in Table XIV. These are used to a large extent at present 
but have been given considerable study of recent years and new 
classifications, reducing somewhat the top diameter requirements 
and adding more classes, has been proposed but not yet oflBcially 
adopted. A great many companies buy their poles by top 
diameter only, the cost being usually somewhat less than that 
of “class” poles. As this gives no check on the butt diameter 
and, hence on the real strength, it is to be recommended that no 
matter on what basis poles are purchased, they be classified 
according to some fixed standard of strength before being set, 
and in distributing them for use, the strength be fitted to the 
service requirements. In general it will be found advisable to 
use a pole of at least the next higher class to that general for 
the line, wherever an extra stress is likely, as at dead ends, 
comers, guyed poles, transformers poles, etc. 


Framing.—In preparing a pole for use, it is customary to 
d[iape the top. Two forms are ordmarily used, the gable roof 



(a) 6abl« Roof (b) Cone Roof 


Fiq 178—Pole roof 


and the cone roof as indicated on Fig. 178. The cone roof 
sometimes has a flat section at the peak. Convenience m 
cutting the roof is the criterion of choice, as neither has any 
particular advantage otherwise over the other. In fact there is 
probably no practical necessity for any roof. 

For attaching cross-arms a flattened surface on the side of the 
pole is necessary, sufficient to give some rigidity to the construc¬ 
tion. Ordinarily a space 3 to 4 in. across (on the flat) is all 
that is required, making a out of about M in. into the pole. 
These cuts, or “gains,*' are often cut square with a saw at top 
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and bottom to just fit the height of the cross-arm, Fig, 179(a). 
Comparatively little support is afforded to arm thereby, and % 
gain made with a draw shave is sometimes used, with economy. 
Fig. 179(6). 

It is advisable when using yellow-pine poles which am treated 
full length that the roof, gains, and also all lx>lt holt's be cut 
before the pole is treated, as otherwise they are points in which 
decay is likely to start. 



Loading and Stresses .—A pole is cssentiaily a column, subject 
to two kinds of stroMes. The dead weight oi the load carried 
imposes a direct compressive stress along the axis which may be 
considered as uniformly distributed over the cross-sectional area, 
and is transmitted into the ground underneath, Fig. 2^ (a). 
In addition, the horizontal wind pressure on the pole and on the 
wires and other equipment supported constitutes a load applied 
to the pole as a candlever beam, with its fixed end in the ground. 
This load sets up the usual bending stresses in the pole (tension 
on one side and compression on the other) and its overturning 
moment is opposed by earth pressure on the sides of the pole. Fig. 
180 (6). The stresses of direct compression are added to those due 
to the bendiiig stress to give the total stress. On the ordinary line 
pole, supporting wires only, the latter (in poun^ per square indb) 
is usually so much smaller than the former that it is negligible. 
On transformer poles, on the other hand, it may become much 
more important and should not be forgotten in any case. 

The loading to be assumed is given by the National Electrical 
Safety Code as: 

Vertical.—^Weighi of wires plus assumed ice covering 04 in* radial 
thickness for heavy loading, M in. radial thickness for medium loadinU^ 
no ice for light loading). 
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Horizontal.—Wind pressure on pole plus 'wind pressure on ice-ccvered 
ipres (as above). Pressure assumed to be 8 lb per square foot of 
projected area for heavy and medium loading and 12 lb. per square 
foot for light loading 



Isw 

(a) Verljcal Loading (b) HoriTonfal Loading (c) De.ad End 


r 



(el Angle 

Fio 180 —^Loading on poles 

(Weight and wind pressure on any other equipment earned must, 
of course, be added "where they are of any appreciable impor¬ 
tance.) Data on wind loading on wires are given m Chap. XXII. 

At dead ends, comers, and angles in the line, and also in case 
the wires become broken, the 'tension in the conductors becomes 
a loading on the pole. Fig. 180 (c) and (d). This tension is 
further discussed in Chap. XIXII. As a rule the maximum is 
about 60 per cent of 'the ultimate s-trength of the conductor, 
for copper at least (60 per (sent is allowed by the Safety Code for 
tirade C construction). If the -tension actually tends to become 
much greater than 50 per cent, the wires will stretch appreciably. 
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increaaing the sag and hence reducing the tension, since the prac¬ 
tical elastic limit of copper is in the neighborhood of 60 per cent 
of its ultimate strength. 

At a dead end, the full tension of all the wires must be sup¬ 
ported, At any angle in the line, the load due to each wire is 
equal to the tension in that wire times twice the sine of one-half 

CC 

the angle made, 2T sin g , see Fig. 180 (e). The resultant load 
is the sum of the loads of the individual wires. 

Example.—ABSuine tension in wire 600 lb. 

Angle of line ( « ) —20 deg. 

Sm 2 “ “ 0-1736 

Resultant stress <lue to each win* 

» 2 X 600 X 0.1736 - 173.6 11>. 

If there are 4 condu<>tors carried on the pole the total resiiitant stn‘HM is 
694.4 lb. 

As a rule at dead ends and angles (except very slight ones) 
the pole is either not strong enough or not stable enough to 
support the load unaided, and the customary practice is to 
install guys at such points. Where guys are used, the pole is 
assumed (according to the Safety Code) to act as a strut only, 
the guys taking all the horizontal stress. This will be fi^rther 
discussed in Chap. XXIV. Even with guys however, tjlaire is 
often a short section of polo above the point of attachment of 
the guys whose strength must be considered. Point (a), fig. 
180 (c). 

Stress Computation.—Considering the pole as a column onjir, 
supporting the dead weight of its load, the stress may be assumed 
to be uniformly distributed over its cross-seotional area and the 
unit stress is 

W 

/ - ( 68 ) 

where 

/ » unit compressive stress in pounds per square inch. 

W »total weii^t supported in pounds. 

A X* cross-sectional area "• for circular eross-eeotion. 

d MX diameter in inches, at the point considered. 

If this stress is of any considerable importance, anywhereH 
near the allowable strength of the wood, the dendemess ratio 
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of the pole must be considered That is, the unit strength in 
compression which would otherwise be considered allowable 
must be reduced to allow for the ratio of the diameter to the 
unsupported length, the pole being a slender column. Such a 
condition does not usually occur however m this work. The 
reduction in allowable stress due to slenderness may be expressed 
as follows:* 

where 


/i = the allowable stress. 

/ = the allowable stress without allowance for slenderness. 
L = unsupported length of column in inches. 

D = diameter of column in inches. 


Considering the pole as a cantilever beam under horizontal 
wind stresses (or load due to wire tensions, as at dead ends or 
comers or with broken wires), the maximum fiber stress at any 
cross-section is 


/ = 

where 


(69) 


/ = maximum unit stress in pounds per square inch. 
M,= bendmg moment of applied forces about the section 
chosen, in inch pounds. 

y ^ distance from extreme fibers of cross-section to neutral 
axis. 

I = moment of inertia of the cross-section.® 


The maximum fiber stress in this case occurs at the extreme 
edges of the cross-section (farthest from the neutral axis), being 
compressive on the side toward which the load is acting and 
tensile on the opposite side. 

In the case of a pole of circular cross-section the moment of 
inertia I is equal to 


I 


TTtZ* 


0.0491d<. 



M 

0.0982d»’ 


therefore, 

- = = 0.0982d* (called the s&Mon moduhis). 

y 32 

1N E L A. “Overhead Systems Reference Book,'' p. 370. 

* See Chap. XXX for further details regarding these quantities. 
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The bending moment is equal to the force applied times its 
distance in inches (at right angles to its direction) from the point 
whose strength is being considered, Fig. 180 (&), For wind 
pressure on the vyires the effective distance is easily determined 
and 

M «= ph inoh-pountls, 

where 

p = the pressure in pountls on the length of-wire (plus ice) 
supported. 

^ = its distance in inches above the cross-sc'ction being 
studied. 

For several wir(‘8, the total moment equals the sum of the values 
of p X k for all the wires. 



— —c/j ^ 


Fxa. 181.—Diagrammatic rcprooeif Fi«i. 1 k 2. -Detorminatioa of W€>ak oMrUnn 

tation of projocted aroa of a pole*. of a pole. 


For the wind pressure on the pole itself, the moment is not so 
easily computed. The projected area of the pole is in the shape 
indicated on Fig. 181. This may be resolved into a rectangle and 
a triangle. 

The pressure on the rectangle ■■ pidihu where 

p » unit pressure in pounds per square inch. 


Ite moment about the base 
The pressure on the triangle 


Pt{d. - d») 2^- 


Its moment about the base 
Total pressure 



( 70 ) 
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Total moment (due to wind on pole) = ^ ~ 

== inch-pounds. (71) 


Theoretically, the weakest section of a pole of uniform taper 
and uniform umt strength is where the diameter is one and one 
half times the diameter at the point where the resultant load is 
applied (resultant load being total load applied at ht = 
Total moment , rr,, - , 

— rji ^ ^ ^ —»above the ground). This may be proved as follows • 

In Fig 182, let P — total applied load apphed where diam¬ 
eter = da. 

d = diameter at weak section at distance x from 
P 

t = taper of pole = 

Bending stress at weak section, 

Px 


U = 


0.0982(^2 -b <»)** 


df _ 


For a maximum value of fd, set first derivative ^ 


dx 


di tx — 3te = da — = 0 


da = 2tx = 2(d — da), 
d = ^^da. 

The stress at that point is obtained as follows: 

Px Px 


fd = 


X — 


0.0982d» 

d — da 


Substituting, 
fd = 


dx — da 
PLdx 


L = 


0.09821 

d: 


(I-)' 


2(di — da) 


L. 


PL 


0.09821 


(i-y 


X 2(di “ da) 


0.662(di - d2)da® 


^ 72 ) 


which is in terms of diameter at point of application of resultant 
load, diameter at base, and total moment at base. 



288 


ELECTRICAL DISTRIBUTION ENGINEERING 


The above holds true only when the weak section is above the 
ground line. Otherwise the weak section is at the ground line 
and the stress is 


f _ ^ M, 

0.098^i» dr0982d»‘ 


(73) 


Where Mt = the total moment at the ground line, and is 
equal to the sum of the moments of the win<l loads on all wires 
and on the polo itself computed as shown above, plus any other 
wind loads on equipment, etc., which may be present. 

For most practical purposes computations made with the 
assumption that ground line is the weakest section will not bo 
greatly in error. They are sufficiently accumte at least for 
general Ime design where only average figures on pole dimensions 
are used. This is especially true where the ground line is some¬ 
what affected by decay and hence reduced in diameter. The 
fallacy of attempting to use too great exactness in such computa¬ 
tions is shown by experience with poles broken In practice and in 
test. The taper is rarely exactly uniform, and the wood is 
probably never of uniform strength. Also, defects such as knots, 
butt rot, crookedness, non-circular cross-section, etc. are the rule, 
rather than the exception and heart rot is not uncommon. It is 
observed that poles may bieak at almost any point between the 
ground line and the top. The break occurs usually with a con¬ 
siderable amount of splintering, or separation of the fibers and 
rarely square across. Sometimes the break takes place as a 
shearing for most of the length of the polo. The computation 
of strength on the above given basts, using the ground line as the 
weak point, will be found the best guide obtainable at present as 
to probable strength of poles on the average. 


Examsie of Computation tor Pda Strength.—Aanimo 40-ft. pole, set 6 ft. 
in ground. 

3 No. 4 T.B.W.P. wires on top artn, wires level with top of polo. 

8 No. 4 T.B.W.P. wires on second arm, 2 ft. below top ami. 

£^n 126 ft., heavy loading assumed. 

Pole 8 in. in diameter at top, 12 in. in diameter at ground line. 

Momemt due to v4nd on iee-eovered voirtm, > 

3 X 126 X 0.006 X 34 340 X 34 - 11,660 
3 X 125 X 1.000 X 32 - 376 X 82 •> 12.000 

28,660 ft.4b. -> 282,720 in.-lb. 

Moment due to vAnd on poUt 

Mp - H 44 X (84 X 12>» (?| ■+• ifi) - 80,160 ia.-lb. 
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Total moment at ground Une, 362,870 m.-lb. 

, 362,870 „, ^ 

/ = 0 0982 X ~ 12» ” P®*" 

If the pole is Western Red cedar with an ultimate strength of 6,000 lb. per 
square inch, the safety factor imder this load is 2.33 

Where the loading is due to tension in wires rather than wind 
loading, the same principles of obtaining moments as given 
above should be followed, usmg wire tensions rather than wind 
pressures for the loads due to the wires. Where the maximum 
wire tension used is based on a maximum wind and ice loading 
it is sometimes questionable as to just what combination of loads, 
should be used. For example, with a very slight angle, the loads 
due to wire tension should be added to those due to horizontal 
wind pressure on both pole and wires for the worst possible con¬ 
dition. At a 90-deg. angle however, maximum wind pressure 
on wires in both directions cannot be possible. Considerable 
good judgment can be exercised in determining just what 
combination of loads should be assumed for the worst probable 
condition for which to design the structure. 

Safely Factors.—^When the probable worst stresses in the pole 
have been determined, the size must be selected on the basis of 
known unit strength of the timber, with usually some factor of 
safety applied to care for unknown or unforseen conditions which 
may create greater stmsses than those computed. The ultimate 
strengths of various kinds of pole timber are given m Table XIII. 
Safety factors as required by the Safety Code are shown on 
page 290. 

Where this Safety Code, or its equivalent in local rules, is 
not in effect, to specify definite safety factors which must be 
applied xmder various conditions, the engineer must use his own 
judgment in selecting such safety factors as will best meet his 
own conditions, taking into account probable unforeseen or unu¬ 
sual loadings, requirements for continuity of service, hazards to 
life sind property, probable depreciation of poles, etc. The 
safety factors given in the Safety Code are probably large 
qnough for all ordinary purposes and in certain cases could no 
doubt be diminished somewhat without undue danger. In 
general, a safety factor of about 2 when installed and 0.67 
to 1 when replaced is conservative for ordinary conditions where 
special strength is not required. 
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TabijEs XV, —Safjbty Factob.s for Potiss* 



When installed 

1 

At replace¬ 
ment, treated 
or untreated 
polos 


Treated 

poles 

Untreated 

poles 

At crossings 

Pole hues of one grade of con¬ 
struction throughout: 
Grade A. 

3 

3 

2 

Grade B. 

2 

2 

i 33 

Grade C. 

1.33 

1.33 

67 

Polos in isolated sections of 
higher grade of construc¬ 
tion in lines of a lower 
grade: 

Grade A. 

3 

4 

2 

Grade B. 

2 

3 

1 33 

Grade C. 

1 33 

1 67 

.67 

Elsewhere than at crossings: 
Grade A. 

2.5 

i 

3 

1.67 

Grade B. . . < 

1.67 

2 

1 

Grade C. 

i ^ 

1.33 

.67 


> Nataonal £lectri«»l S*f«ty Cod«. 


Grades of Constructioii.—In Table XV, grades of construction 
A, B, and C were mentioned. These are Safety Code classifica¬ 
tions of line construction which apply to dififeient conditions, 
more or less according to the assumed hamrd involved. In 
general they may be defined as follows: 

Grade A .—AU supply circuits, where crossiRg over mein tracks of raiinMtds. 

Open-wire supply circuits of over 7,500 volts or constsnt^urront circuits 
exceeding 10 amp., where crossing over or in conflict with major communi¬ 
cation circuits. 

Grade B. —Open-wire supply circuits of over 7,500 volts in urban districts 
under nearly all conditions except as noted above under Grade A. 

All supply circuits, where crossing over minor tracks of rculroads. 

C^pen-wire supply circuits of over 7,500 volts or constant-current circuits 
exceeding 10 amp. where crossii^ over or in confiict with minor communi¬ 
cation circuits. 

Open-wire supply circuits of 5,000 to 7,500 volts or constant-circuit 
currents of 7.5 to 10 amp., when crossing over or in conflict with major 
communication circuits. 
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Cfrade C —Open-wire supply circuits of over 7,600 volts in rural district 
where crossing over or in conflict with supply circuits of 0 to 760 volts 
(excepting services). 

Open-wire supply circuits of 750 to 7,600 volts in urban districts under 
nearly all conditions except as noted above under Grades A and B; also 
where crossing over or in conflict with major or minor communication 
circuits 

Note. —Conflict between structures canning supply and 
communication circuits as used above is defined as a situation 
where the overturning of one Ime (at the ground line) will result 
in contact between its poles and conductors and those of the other 
line Lines are not considered as conflicting where crossing 
each other or where on opposite sides of a highway, street, or 
alley if separated by not less than 60 per cent of the height of the 
taller pole and hot less than 20 ft. For the purposes being con¬ 
sidered the same rules apply to lines on the same poles as to lines 
which conflict. 

For most of other conditions, no particular grade of construc¬ 
tion is required, only the general rules concerning clearances, 
etc., being applied. There are, however, in the Safety Code a 
very large number of exceptions and comphcations of the general 
rules, which have been only roughly summarized above, such as 
provision for cabled supply lines, communication circuits used 
in the operation of supply circuits, etc. Reference should be 
made to the National Flectrical Safe Code for complete informa¬ 
tion on the Grade requirements. 

Stability.—In the above discussion of pole strength, it has been 
assumed that the pole is held rigidly in the groimd. This may 
be the case under certain conditions such as settings in rock or in 
soil which is sohdly frozen. Since sleet storms in heavy-loading 
districts are likely to occur in the winter when the ground is 
frozen, the assumption is probably justified for those districts, 
as a worst condition. Under ordinary conditions of unfrozen 
soil, however, even if firmly packed, the setting is usually by no 
means rigid. The rididity of course depends considerably on 
the factors of depth of setting, character of soil, firmness of pack¬ 
ing of soil, and special means employed, such as heel-and-breast 
blocks of concrete, to stiffen the settu^, and also on the relative 
strength and stiffness of the pole itself. It is comparatively 
difficult, however, to set a sound pole of strength of Class C 
or greater, even with a reasonable amount of special blocking. 



292 ELECTRICAL DIHTRIBUTIOX ES’ClXEEHI \<! 

in such a way that it will not be pulled a considerable distance 
out of the vertical before it is broken. The flexibility of the pole 
itself is also usually ignored, yet this allows the pole top to be 
pulled a comparatively long way out of line without breaking, 
even in rigid settings. These facts have a practical value, m 
that in a great many situations, the pole may be depended upon 
to "give” somewhat and thus relieve the stress before if breaks 
and lots the line down. In districts where frosK*n ground is not a 
factor, it may be possible thereby to reduce the safety factors 
used. 

Some results of tests made on poles set forth in clay and in 
sand are shown in Table XVI. Various forma of supplementary 
blocking was used, i.e., concrete full depth of hole, concrete 
top and bottom with earth between, crushed stone tamped in 
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hole full depth and also top and bottom only, and cobble stones 
tamped in hole. The results, while not at all uniform due to 
variations in the size of pole and other conditions, are yet 
indicative of the relative stability of the settings. The soil was 
somewhat wet in both cases due to recent rains. 

Stress was applied in each case 25 ft. above ground. 

Poles all set 6 ft. deep. 

In only two cases did the pole break in the test, and these 
were only cracks, not complete failures. 

In some cases the pole was raked, but this did not seem to 
have any consistent effect in decreasing the movement under load. 

A theoretical computation of pole stablhty can be made based 
on assumed homogeneous soil condition with uniform resistance 
to pressure. The method is indicated in Fig. 184. It is felt 
however that, with the multitude of variable factors encoimtered, 
such a computation is not often of any considerable practical 
value, hence it will not be dwelt upon further. 

Setting.—The depth of setting of poles has considerable bearing 
on their stabihty. It has been shown by test that in general 
from to 5 ft. depth in sod is essential for any pole to allow it 
to develop anywhere near its full strength. 

The depth of setting recommended by the Safety Code are 
given in Table XVII 

TABUB XVII.- DbFXH of SeTTINO for PoiiES 
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As a rule somewhat deeper setting should be used for poles 
which are under extra heavy stress as at comers, etc., than for 
poles in the straight line. 
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Where soft-soil conditions arc encountered or where proper 
gu 3 dng is impossible or undesirable, supplementary blocking of 
some sort must be resorted to in order to increase the stability 



(fopandbottom) orCobbiesfone Heel Blocks 


Fia. 183,-—Roinforcod pole settings* 

of the setting. Several forms of such reinforcement were men¬ 
tioned above in connection with the stability t^t quoted. 
Sketches of these are shown on Fig. 183. The theory on which 
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such settings are based is that the area of pressure against the 
earth must be increased sufficiently so that the unit pressure is 
reduced to an amount which can be supported. Mgure 184 indi- 
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ca1>es the difference in the theoretical eaxth pressure distribution 
with plain setting and with reinforced setting. In the former, 
the pressure is distributed over the whole depth, decreasing from 
a maximum at the top to 0 at % depth and increasing again to 
a maximum in the opposite direction at the bottom. The rein¬ 
forcing concentrates the stress largely on itself. Of course such 
settings as solid concrete have similar pressure distribution on 
the outside of the concrete as on the pole in plain earth, 
and crushed stone or cobble stones have some intermediate effect. 

Guying.—The most efficient method of supplementing pole 
strength and stability where comparatively large stresses are to 
be met (beyond the ordinary strength of the pole or its setting) 
is, ordinarily, by use of guys to other poles or to groimd anchors. 
In such cases, the pole is usually figured as acting only as a strut, 
the guys taking all the horizontal load. Gusdng will be taken up 
more fully in Chap. XXIV so will not be dwelt on here. 

Maintenance.—Proper maintenance of pole lines is fully as 
important as proper original design. It is in the nature of such 
a structure, which is constructed of more or less perishable materi¬ 
als and located in a more or less yielding foundation, that it 
deteriorates wdth age. The deterioration in this case takes the 
form of decay at the groimd line, decay above the ground line, 
decay in the interior of the pole, damage due to insects (and in 
some cases due to birds such as woodpeckers), and in the dis¬ 
placement of the pole from its original position. 

The latter change is one which is usually due either to unfore¬ 
seen or unusually heavy loading (wind storms, etc), unexpected 
3 delding of the setting, or in faulty design. It is easily discernible 
and comparatively ea^ to correct. Such displacements are 
often ignored unless of extreme amoimts but this is hkely to be 
short-sighted economy. Displacements of poles are likely to 
lead to more serious troubles due to the attendant displacement 
of conductors. Also, the effect of poorly maintamed lines on 
public opinion and pubhc relations is difficult to estimate. Well- 
constructed and well-maintaLned pole leads are good advertise¬ 
ments and good assets. 

Deterioration of poles due to decay or to insects has been dis¬ 
cussed imder pole treatment. Proper treatment can prevent a 
great deal of such trouble and delay final deterioration consideiv 
ably. External decay at the ground line is comparatively easy 
to detect and definite rules can be established as to the reduction 
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in diameter which can be allowed before the pole becomes suf¬ 
ficiently weakened to require replacement. In Table XIV the 
requirements of the Safety Code in this regard are stated in the 
form of safety factors required for various conditions. In general, 
a reduction of from 33 to 50 per cent in the safety factor at the 
time the pole is new is allowed before replacement is required. 
It might possibly appear that the reduction in strength in some 
of these cases would be inadvisable from the standpoint of safety. 
It must be remembered however, that poles in a line do not 
depreciate uniformly. Certain poles decay more rapidly than 
others, and, if the worst poles are kept above the minimum safety 
factors given, the best poles will in most cases be much stronger, 
and the average for the line is considerably above the minimum. 
The diameters of poles necessary to meet these safety factors can 
be easily computed from the formulse given above, if the maxi¬ 
mum loading is known. 

Internal decay or heart rot, while not of as frequent occurrence 
as ground-line decay if sound poles are set originally, is, however, 
possibly more serious, in that it is much more difficult to detect. 
A hollow pole may appear perfectly sound on the exterior, except 
perhaps at some of the knots. The extent of such decay or the 
remaining strength of the poles is very difficult to estimate uzfi^ 
borini^ are made into the pole. 

Some companies use quite complete records of pole installa¬ 
tion and make periodic inspection of each pole after it has passed 
a certain age, such as 10 y^rs, to determine when replacement 
shotild be made. One company makes a praetioe of requiring 
test borings to be made in any pole before it is climbed, when it 
is beyond a certain age or has not been previously tested within 2* 
years. Others make periodic or intermittent inspections the 
whole system, recording at such times the probable future life 
of any leads which are still within minimum requirements but 
which will probably need replacement shortly. The extent to 
which such routines and records are applied is lareely an economic 
question, due regard being given to hazard to life and property. 
Broken poles in service are likely to be expensive but, on the other 
hand, complicated records are also expensive and may go beyond 
the practical requirements for satkfaotory maintenaaoe. Some 
form of regular inspection is no doubt justifiable. 

Location.—The proper location of poles in a lead is a mattw 
which reqxiires a considerable amount of experience and knowl- 
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edge of the practical considerations affecting line con¬ 
struction. Local regulations and practices are involved to 
quite an extent and general rules are, for the most part, not 
possible. A few principles may be stated which are quite 
generally apphcable. 

1. Definite location for each pole should be decided upon ahead 
of actual construction (usually staking out locations is advisable). 
The layout may be thus made by an engineer who can give due 
consideration to all the factors involved, such as local regulations, 
strength of construction, clearances over obstructions, future 
needs, right of way, tree trimming, etc., and make special study 
of unusual conditions. Time of the construction crew is thus 
conserved, numerous possible delays being avoided. 

2. Pole leads of one utihty should occupy the same side of a 
highway for its whole length or at least considerable portions of it. 
It is a quite generally recognized principle (definite rule in some 
States) that on any highway, one side should be reserved for 
supply circuits and the oth^ side for communication circuits, 
unless both occupy the same poles. The practice of jumping 
back and forth across a highway to avoid trees is not only 
unsightly but is also likely to necessitate rebuilding of the lead at 
some time in the future. There are, of course, exceptions to the 
rule, such as where extremely large trees are encountered and 
joint construction for both facilities on the opposite side of the 
road is practicable. 

3- Where the property traversed is subdivided into lots, loca¬ 
tion of poles on or near lot lines (or opposite them in streets or 
aUeys) is usually preferable. More services can ordinarily be 
reached with greater ease from a lot hne location, and interference 
with driveways, garages, etc., is less likely. 

4. Future requirements in the way of additional wires (requir¬ 
ing higher or stronger poles or shorter spans) and posrable branches 
or intersecting lines (requiring poles at the intersection points) 
should be foreseen as far as possible. 

5. Future changes in topographical conditions such as pave¬ 
ment of streets, sidewalks, regrading, etc., should be anticipated, 
pole locations being chosen where they can be i>ermanent as far 
as possible. 

6. In passing a tree which is likely to interfere with the line, 
a pole should be set as near the tree as practicalfie to minimize 
the trouble from swinging'wires. 
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7. Where there is any choice, locations should be selected which 
axe least subject to damage from traffic. 

8. Pole leads should be in straight lines wherever practicable. 

9. Consideration must be given to provisions for properly guy¬ 
ing the lead and pole locations chosen accordingly. 

10. Spacing between poles must be such that the pole will not 
be loaded beyond its strength. 

Spacing.—The spacing of poles, or span length which should 
bo used, depends considerably on the locality in which the line 
IS situated. Under any conditions the essential requirement 
is, of course, that the spans be short enough so that the strength 
of the poles is not exceeded (with proper safety factor) under the 
worst assumed loading. That is, the allowable length of span 
for any given number and size of conductors is proportional to the 
strength of the pole to be used. There are other limiting con¬ 
siderations however. 

In urban districts the number of wires and the wire sizes are 
likely to be comparatively large. There is also somewhat greater 
necessity, as a rule, for providing for future additional circuits 
than is the case in rural or suburban territory. The grade of 
construction required by the Safety Code is higher for urban 
territory. In addition to these factors, there is usually the 
requirement that the poles be located in accordance with lot 
lines and where services can be conveniently run to customers. 
A few typical layouts are shown in Fig. 185. As a general rule, 
span len^hs in urban districts do not usually average much over 
about 125 ft. with maximum of about 150 ft. In some cities, 
especially where Joint use with communication circuits is a rule, 
the span length is limited to about 100 ft. 

In suburban territory much the same limitations are impeded as 
in the cities, except that lots are likely to be somewhat wider and 
loading somewhat lighter. Average span let^hs may be 
increased correspondingly. 

In rural territory a different condition exists. Span lengths 
are seldom limited by property lines or by the neo^sity for reach¬ 
ing more than one service from the same pole. As long spans can 
be used as are comistent with economy and with wire strength. 
The latter often becomes the limitis^ factor. Conductor sags 
are very nearly proportional to the square of the span, hence 
increaesng the span length materially will necessitate increasisg 
the conductor sag. There is a practical limit for any conductor 
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Fig 185 —Typical pole layouts in streets, alleys, etc 


With No. 4) 200 ft. is about a maximum. If higher strength 
conductor is used, however, the smaller sags required may allow 
longer spans. The maximum span which is generally used, even 
in this case, is about 300 ft. A type of line which has been found 
practical and economical for rural hnes, where only two or possi- 
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bly three conductors wdl be carried, uses No. 4 or No. 2 steel- 
cored aluminum conductor with 35-ft. poles m 300-ft. spans. 
In some localities 30-foot poles can be used, but when; Safety-code 
provisions prevail, with frequent road crossings, 35-ft. poles are 
likely to be more convenient for the whole line. If secondaries 
are needed for short distances or if more wires art* added in the 
future, intermediate ix>les can be set making a line of 150-ft. 
spans. 

Steel Poles and Concrete Poles.—The use of poles made of 
more durable material than wood, such as steel or reinforced 
concrete, has not become at all general in this country as yet. 
There is no doubt that such poles would give a longer life than the 
wooden pole ordinarily used and hence would appear to be econom¬ 
ical. The first cost of such poles is much greater, however, than 
that of wooden poles of equal strength. In addition, they are 
considerably heavier and hence harder to handle and to set, 
and particularly harder to move or replace. In most places, 
the permanence of location or of size necessary for any pole are 
matters of considerable doubt. Streets and highways are being 
widened, streets are being paved, districts are being rebuilt 
with buildings of different character, congestion of population 
and of traffic are forcing lines underground, loads are increasing, 
requirixxg more and heavier circuits—all these elements combine 
to require frequent moving, replacement, or removal of many 
poles. It is possible that some day conditions may become so 
stabilized that it may be practicable to figure economy over a 
longer term of years than at present seems necessary. In such 
a case, concrete and steel poles will make a strong bid for con¬ 
sideration. The time may come also when such poles are cheaper 
in price than wooden ones. At present, however, their field is 
mostly for locations where good appearance is of especial impor¬ 
tance—for they unquestionably have the advantage over 
wooden ones in that regard—where usually heavy loads are to 
be carried for which wooden poles are not adequate, or where con¬ 
ditions are such that wooden poles have an unduly short life. 

Several typm of concrete poles sure manufactured, usually 
either of roxmd or square cross-section, and either solid or hollow. 
The latter are formed by spinning the form after the concrete 
is poured, forcing it to the outside and leaving the center hollow. 
The strength of concrete poles lie» largely in the steel reinforce¬ 
ment and depends also considerably on the mixture of cement and 
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how it is cured. The manufacturers of such poles classify- them 
accordmg to strength as follows: 


Class 

Safe Horizontal 
Toad 2 Ft. from 
Top 

A 

4,000 

B 

3, OOO 

C 

2,000 

D 

1,600 

E. 

1,000 


Steel poles are made either tubular or in some fabricated type, 
usually of the general form of two chaxmels, angles, or tees, tied 
together with some sort of lacing. They are sometimes made of 
expanded metal, sometimes welded, sometimes bolted or riveted, 
the details and cross-section in each case being somewhat different. 
Space does not permit going into much detail here regarding 
steel poles in view of their limited use on distribution lines. 
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CROSS-ARMS 

Wood cross-arms are the most commonly used medium for 
supporting distribution conductors earned on poles, especially 
primary circuits. The use of metal racks for secondaries has 
become a quite common practice of recent years and these will 
be discussed in Chap. XVIII. Metal brackets are used to some 
extent for primary wires and will he given some attention in C3hap. 
XIX. Wood cross-arms, however, have by far the greatest 
general use for this purpose. 

Materials*—One of the most satisfactory materials for wood 
cross-arms is Douglas fir. It has the necessary qualifications, 
being comparatively strong, tough, fairly light, easy to work, 
and yet is very durable. Another advantage is that it is available 
in large quantities and hence at a comparatively reasonable 
price. The better cross-arms usually contain at least 75 per 
cent of hcairtwood, the timber being cut from large trees. This no 
doubt is one reason for its durability. As a rule, no preservative 
treatment is considered necessary, the arms ordinarily having 
a life of 12 to 15 years or more without it. The ultimate fiber 
stress of Douglas fir is given as about 5,000 lb. per square inch 
in bending, and Its weight 31.8 lb. per cubic foot. In some speci¬ 
fications, the number of annular rings per inch are limited to 
more than a certain minimum, such as 10. Some ti^ts on a 
large number of samples with various numbers of rings per inch, 
from O to 40, indicated that there was little justification for this 
from the standpoint of strength, the examples with the fewer rliogs 
showing the highest strength In this case. The strength is likely 
to be more or less in propoirtion to the density of the wood, which 
is affected by the dark-colored or summer wood in the piece. 

Another wood which has considerable use for croi»-a3mas is 
southern yellow pine. This timber was discussed somewhat 
under Poles'^ in Chap. XVI. Its strength Is comparable to 
that of Douglas fir. It is usually treated with creosote before 
being used although it is sometimes claimed that, if sooiade largely 
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of heartwood, its durability is high, being greatly different from 
that of the pole timber, which has a deep layer of sapwood on the 
extenor. When treated, pine cross-arms are of coxirse consider¬ 
ably heavier than fir. 

Sizes and Designs.—^Wood cross-arms for electrical distri¬ 
bution work are generally of rectangular cross-section (or approxi¬ 
mately so, being usually “roofed” shghtly on top) of dimensions 
3^ by 4^^ in., by 4^ in., or 3% by 4% in., with the former 
two in the majority. The 3M by 4^-^-in. size is adaptable to 
a wide range of service up to quite heavy conductors and is the 
so-called National Mectric Light Association standard, being 
proposed several years ago as a suggested standard for low- 
voltage arms by the Overhead Systems Committee of the 
National Electric Light Association. The 3)^ by 4J4 hi. has 
about as many advocates, especially where heavy conductors are 
not much used and, smce its price is generally somewhat less due 
to its smaller dimensions, it also takes practically the status of a 
standard. The 3^ by 4% m. is more used for the heavier 
loadings and sometimes for the higher voltages—^the National 
Electric light Association suggested standards for medium volt¬ 
age arms use this size. Some companies use the lighter arm 
(3J^ by 4J-4 in.) for light lines and the 3% by 4f^ in. for 
heavy. The choice must depend on local conditions as to loading 
and conductor size, experience, cost, etc. 

Lengths of arms are graded so as to accomodate 2, 4, 6, or 8 
conductors as a rule, with spacings between conductors ordi¬ 
narily approximately 14 in., except at the pole. The “climbing 
space required by the Safety Code has regulated the spacing 
between pole pins on standard arms to 30 in. for voltages up to 
7,600 volts, 36 in. for voltages from 7,600 to 15,000 volts, and 
sometimes more for voltages above 15,000. 

Figure 186 shows the various National Electric light Associa¬ 
tion su gg ested standard designs ^ While these are not universally 
used in exactly the details shown, they are representative of 
standard practice. 

Uses.—^The various ways in which cross-arms are customarily 
used are as follows: 

Line Arms. —Cross-arms at right angles to the direction of the 
line, supporting the Tnain conductors of the circuits (see Fig. 
187 (a)). 

I “Overhead Systmts Beferenoe Book,” p 506, etc. 
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Side Arms. —^Arms, the greater part of whose length is on one 
side of the pole, used where clearances are limited, as in passing 
trees or buildings adjacent to the line or where the pole is some¬ 
what out of the line of the main lead, to bring the conductors into 
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(d) Double Arms 


(c) Buck Arms 

Tig- 187.—Use of crossarms. 


hnc, see Fig. 187 (b). (The term “cross-arm” as distinguished 
from “side arm” is generally applied to cross-arms which are 
attached at their midpoint to the pole as in Fig. 187 (a).) 

Btick Arms. —CJross-arms at an angle to the line arms (usually 
90 deg.,) used for supporting service drops, branches, or intersect¬ 
ing lines, see Fig. 187 (c). 

Dfmble Arms .—Two cross-arms on the same level, one on each 
side of the pole, used at dead ends, angles, comers, and for 
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supporting unusually heavy loads, and in general wherever 
one arm alone will not have sufficient strength, sec Fig. 187 (d). 

Cross arms are also use<l for supporting transformers, for 
intermediate supports for training wires carried down the pole 
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construction. This weight should 
under the worst assumed conditi 


from the main circuit to trans¬ 
formers, cable entrances, etc., 
and other nusccllaneous uses. 

Loading.—The loads applied 
to cross-arms arc those of the 
dead weight of wires with their 
ice loading, acting vertically 
downward, the weight of line¬ 
men standing on the arm when 
working on the line, and the 
horizontal stress due to tension 
in the wires at dead ends, 
under broken wire-conditions 
or any other cases where the 
tensions in both di ructions 
from the arm are not equally 
balanced. The magnitude of 
the wire loads arc ^ven in 
Chap. XXXI, the dead load 
for any wire being ordinarily 
assumed as that due to the 
average of the spans on either 
side of the pole. The weight 
of the lineman may generally 
be taken at about 180 lb. 
average, applied at possibly 
two-thirds the distance from 
the pole to the end of the arm, 
although the Safety Code 
specifies 225 !b. at the extrem¬ 
ity, for Grade A, B, or C 
be added to that of the wires 
ons, since linemen are likely 


to be working on the poles under those conditions. Maximum 
tension in the wires may be computed from the loading and sags 
used, the practical limit being the elastic limit of the conductors 
(about one-half the ultimate strength, for copper) since beyond 
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that tension, the conductors would stretch materially and the 
stress would usually be relieved. 

The cross-arm acts under both types of loading essentially as a 
beam, supported at the point of attachment to the pole and, 
under vertical loading also supported at the point of attachment 
of the braces, see Fig. 188. Under horizontal stresses, the braces 
cannot be considered to furnish any support, the arm acting as a 
simple beam supported at the middle. With side arms under 
vertical loading the brace must be assumed to give a virtually 
rigid support since that is essential to the design. With s3n3Qmet- 
rically placed cross-arms however, it is somewhat problematical 
as to just how much support is given by the brace, especially if 
the ordinary flat braces are used. For arms loaded on one side 
of the pole only, it is sometimes assumed that the brace on that 
side is inoperative, since it has little strength in compression, 
all the support coming from the brace on the opposite side of 
the F»ole, in teiosion. The loaded side of the cross-arm then would 
act virtually as a cantilever beam, supported at the pole. This 
assumption is probably seldom correct, especially if the braces 
are installed without being bent much. Although the flat brace 
has httle rigidity under compression loading, tests indicate that 
the whole structure is considerably distorted from its original 
position before appreciable buckling is noticeable m that brace. 
On the other hand, it probably does not give anything like a 
rigid support, hence its exact action is questionable. As a rule 
cross-arms under vertical loading are comparatively strong when 
other factora of the des^n are satisfied, and it will be found 
sufficiently accurate to compute their strength on the basis 
of no support from the brace which is in compression. With 
more rigid braces, such as the one-piece angle iron brace which 
is discussed later, the brace on the load side may be assumed to 
give a practically rigid support as far as computing cross-arms 
strength is concerned. 

Stress Computations.—Since the cross-arm is essentially a 
beam, the ordinary formulae for computing stresses in beams 


may be applied, i.e.. 



(74) 


where 


/ = Tna.-rfTyiiiTn unit fiber stress in pounds per square inch, 
''ccurring at the extreme edges of the cross-section 
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under consideration, being compresHive on one side 
and tensile on the opposite side. 

M = total bending movement in inch-pounds about the 
section under eonsidemtion. 

I *= moment of inertia of the cross-section. 
y = distance in inches from neutral axis of cioss-scction to 
extreme edge. 

The total bending moment M is equal to the sum of all the 
individual loads times their distances from the cross-section 
being considered. Just what point of the arm should l>o assumed 
as the weakest may be open to some doubt, especially where 
wood pins are used and a large pine hole is cut in the arm. For 
the S 3 rmmetrically placed arm for example, Figs. 188(a) and 
188 (c), the weakest section may be at the middle of the arm or 
it may be at one of the pin holes. The net cross-sectional area 
is less at the pin holes but the moment at the center is greater. 
The weakest point can be determined theoretically by computing 
/ at both points, using the formula given above. 

Another practical factor enters into the ooiosideration of Fig. 
188 (a), that is the support given the arm by the pole gain. 
Tests have shown that for the ordinary six-pin, 8-ft. cross-arm, 
the weak point under horizontal stress is more likely to be at 
the first pin hole from the pole than at the middle of the arm. 

Examples of computation of moments may be taken from 
Fig. 18$ as follows: 

Figure 188(a), moment about A (middle of arm) ■■ T%1\ + 7'A 
or 

- Td, + T,U 

Figure 188 (h), moment about B (first pin hole) Tt{U — i»). 

moment about C (brace) -■ W\{h — h) 

+ Wn{lt - fc). 

moment about D (intermediate point) <■ 
Wtilx - U) 4- Wt(h - Id) 4 WtQ* ~ Id) - P.<JU - Id), 

where 

Pt (reaction at brace) «« 

Figure 188(c), moment about P (first pin hole) *• 

TFi(ii — 1* 4 W%il% — It) —approximately, 

neglecting small negative moment due to reaction of brace at 0- 
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Moment about E (middle of arm) or any other point between 
O and E depends on the rigidity of the support given by the brace 
at G, and may be computed for any_ given assumptions by the 
continuous beam method shown in Chap. XXX. 

The value of I, the moment of inertia, for a rectangular cross- 
section is equal to and y = d/2, hence, 

^ see Fig. 189(a). 

y 


If the neutral axis is parallel 
to d, Ify — 

Where a pin hole or bolt 
hole with its axis at 90 deg. 
to the neutral axis is removed 
from the section, Fig. 189(b), 

1 = i^2(& - a)d*, 

and 

f = kb- a)d^. 
y o 

When a pin hole or bolt hole 
with its axis parallel to the 
neutral axis is removed from 
the section. Fig. 189(c), 

I = = 

- «») 




N^ufra/ 

ax/s 


M H 





(a) Rcd-angjlar Cros&- 


hon 



(b) HoIq Removed at 
90 ® +o Neutral Axis 

' ax/s 





(c) Hole Removed Parallel 
to Neutral Axis 

Fig. 189.—Cross-sections of crossa.rins. 


Figure 189 (&) represents the 

condition for stress due to vertical loading, a being the diameter 
of the pin hole or bolt hole at the weak section. Figure 189(c) 
represents the cross-section under horizontal loading (dead-end 
stress, etc.) 


Bxampla—Assume an arm such as that shown m Fig 188 (c) with six 
wires, the maxiiaum weight of each of which when loaded with M-tn- ice is 
160 lb. For a standard six-pin cross-arm, 

Zi 44 m. 
h = 29?^ in. 
h ~ 15 in. 
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Moment about first pm bole from pole =■ WiCx — 1$) + JVs(ls — la) 

- 150(29 + 14K) “ 6,625 m.-lb 
For a 3}^- by 4>^-m. cross-section with a l>^-m pin hole removed, 

6 =■ m, d = 4)is in., a = IM- 

/ = ~ 966.7 lb per square inch 

Dcnible arms, Fig. 187(<i), are customarily used at dead ends and 
all points where any considerable amoimt of imbalanced (longi¬ 
tudinally) load IS supported. These are usually placed one on 
each side of the pole, and fastened together by machine bolts 
through both arms at the pole, near the ends, and sometimes at 
intermediate pomts. Special double-arming bolts threaded full 
length wi^ nuts on both sides of each arm are quite commonly 
used as also are wooden blocks or pipe spacers between the arms 
to hold them apart. If the structure thus formed could be 
considered as an effective truss, its strength could be computed 
by using the composite cross-section giving a value oi I/y ten or 
twelve times that of a single cross-arm and hence a strength of 
ten or twelve times that of a single cross-arm, or five or six times 
that of two cross-arms without allowance for truss action 
It has been found by test, however, that the ordinary methods 
of constructmg the double-arm structure do not give an effective 
truss. The bolts bend or the blocks give way long before such 
stresses as indicated above are reached. 

Some laboratory and field tests madron both single- and double¬ 
arm construction have shown the following general results: 

1. In general, the arms broke either at the ceqter or at the first 
piu hole either side of the center. W^hen the grain was very 
straight, the break was usually sharply across the grain, although 
m some cases there was shearing on the neutral axis. Where 
the grain was a little crosswise there was usually shearing, or a 
du^nal break. 

2. For the arms tested the strength seemed to check fairly 
well the figure of 5,000 Ib. per square inch., for ultimate strength 
^ Douglas fir. For vertical loading, perallel to axis of pin 
holes the method of taking moments about the center of the arm 
appe^ fairly accurate For horizontal load (at right anises 
to axis of pin holes) the support given bi*the fl^ surface of the 
gam on the pole seemed to have cimsiderable effect on the 
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strength.. The average figure given above was quite closely 
checked if the moments were figured about the first pin hole 
rather than the center. For those arms which broke at the 
center, the unit strength, fig¬ 
uring moments about the 
center, was much higher than 
those breaking at the pinhole, 
indicating that the support of 
the gam probably reduced the 
actual stress between pin hole 
and center. In making these 
computations allowance must 
be made for that part of the 
cross-section cut out by bolt 
and pin holes. 

3. Double-arm construction 
to be tested was erected with 
four 4-by 4-in. spacing blocks, 
one at each end and one at 
each pole pin. in. through 
bolts through each block, see 
Fig. 190(a).) Theoretically, 
the strength of such construc¬ 
tion might be figured in one 
of two ways; (a) as two single 
arms, (&) as a truss, the spac¬ 
ing blocks being assumed to 
be rigid. 

The latter method would 
indicate a strength of five or 
six times that of the former. 

The tests made show that 
the spacing blocks do not hold the construction rigid. Their 
comers crush into the face of the arms and allow the arrangement 
to become distorted. The ultimate strength shown was some¬ 
what higher than that of two arms actmg independently, but 
probably not more than 25 to 30 per cent greater on the average. 

Another use to which double arms are sometunes put is in 
hangup heavy transformers, where a single cross-arm is not 
considered strong en^gh. If the transformer hanger passes 
over both cross-arms, the strength of both noay be developed. 


6o/\ 

p 

0 

0 

0 

0 

0 




□ 


---- - i l-l 

4^x4' Block 

^ Load' 



fia) Double Arms with Blocks (test) 




( b) Tra nsformer on Double Arms 
Pig. 190.—-Double-arm construction. 
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but in the usual case, where the hanger passes over only one 
arm, it is doubtful if anything is contributed by the second 
cross-arm with the ordinary method of double arming. In 
fact, tests have indicated that such construction is even likely 
to be weaker than a single arm, since the deflection of the one 
arm under the weight of the transformer distorts the connecting 
bolts in such a way as to tend to spht both arms apart along their 
center planes. Smce the arm has a tendency to fail by shear 
along this central plane, the splitting caused by the bolts weakens 
the structure, see Fig. 190 (6). There are, of course, methods 
of connection which will improve this condition, also other 
methods of reinforcmg transformer installations. 

Safety Factors.—Naturally, in figuring the strength of cross- 
arms, a reasonable allowance must be made for unforseen loads, 
arms weaker than the ultimate strength assumed, etc. For 
Grades A, B, and C construction (see Chap. XVI, p. 290), the 
Safety Code stipulates a safety factor of 2 under vertical loading. 

For horizontal loading, no safety factor is definitely specified, 
it being merely stated that the arms should be sufficiently strong 
to withstand any unbalanced load to which they are exposed, 
up to 700 lb. at the outer pin, when conductor pulls are normally 
balanced. Where sections of Grade A or B line are located in 
lines of lower grade, it is stated that the arms should be able to 
withstand, without exceeding their ultimate strength, an unbal¬ 
anced pull in the direction of the higher grade section equal to 
Ihe combined tensions of all the conductors supported. IDouble 
arms are recommended for such points and also at n-nglaa and 
d^d ends for Grade A and B construction. In general, double 
arms are usually necessary at such points for rigidity, and supply 
ordinary spans of light and medium sized wires. 
For the heavier conductors (No. 0000 etc.), the strength of 
^bfi»aims at dead ends should be given special consideration and 
i^ack spans at such points must sometimes be introduced 
to i^slfeve the stress. 

Typical examples of pole construction are given 
191 showing the method of attaching the cmss-arm to the 
laace^ etc. 

''l%iues 192 and 193 give the dimensions of standards for the 
it^ns of hardware shown, as suggested by the Overhead 
%stena CJommittee of the National Medferic Light Association.» 

SysWras Et^ezenee Book.” 
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In addition to th.e above, Fig. 194 (a) sbows a standard double 
ar mi n g bolt, the use of which is indicated in Fig. 190 (&). Figure 
194 (6) shows a standard eye bolt. These are used for dead 
ending conductors on cross-arms (when strain insulators are 
employed), for attaching guys 

fifachtne half 

W: 


useet yvifh , 

/oads or Ivheravor 
fftere rs darmr ^ 
tftear/n 



'^ya'AHaeAiae ^/f 
or oarrtoffeio/t- 
^ brace 
hTlaff screte 


<4^ 

(a) With flat Braces 


to cross-arms and sometimes 
to poles, and similar purposes. 

The strength of cross-arm 
construction and its stability, 
especially the latter, depends 
to a considerable extent on the 
strength of the hardware used 
and of the connections made. 

A few illustrative examples 
will be discussed briefly. 

Bolted Connections. —^Wher¬ 
ever load is transferred from 
one member to another at a 
bolted connection, as from a 
cross-arm to a pole or from a 
cross-arm to a brace, the stress 
is likely to be largely trans¬ 
mitted to the bolt and from 
the bolt to the second mem¬ 
ber. The contact surface 
between the bolt and either 
member may be points of 
weakness, especially if the 
latter are of wood. Figure 
195 illustrates the connection 
between a cross-arm and a 
pole. If all the members 
remained rigid, without any deflection or giving way, and not 
allowing for the transfer of stress by friction at the plane of con¬ 
tact between arm and pole, the stresses would be distributed 
somewhat as indicated in Fig. 195 (a). W is the vertical load 
on the cross-arm which is to be transmitted to the pole. This is 
transferred to the bolt by pressure of the wood of the cross-arm 
on the upper half of the bolt. The unit pressure is equal to 

W rrTB\ 

Pi - (75) 

d being the diameter of the bolt. 



(c) Side Arms 

Fig- 191.—Typical crossarm. construction. 
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Fia. 192.—Hardware—^bolts, lags. 
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Sr de-^rm Bi^oicc 
( S/ze ofdfrrg/e /Wx^x^gJ 



Verffcal Exfension Brace 
^/JB "x /Vz "x PA"angle 
To be uoecf wifh stele arirtbraoe 


f/ec 



Angle Crose-arm Brace 
Sf%e oFangle 



Mafertal.... Sfeef 
Fin/sh _ Halc^ gaMxntTed 

Fig. 193 .—Hardware—bfaces. 
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If t.liiw pressure exceeds the bearing strength of the wood, the 
wood will be crushed and distortion, if not complete failure, will 
result. 




Via. 194 —Hardware—(a) double-aiming bcdt; (6) eye bolt 



arm 


CoO (b> 

Fio. 19$.—Ocameotion between erossana and pdle. 

Th© load is then transferred from the part of the bolt in the 
eroes-arm to the part in the pole with a resulting shearing stress 
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ia the bolt, at the point a, which must not be greater than the 
shearing strength of the bolt. The load is then transferred to the 
wood of the pole by pressure along the bolt, maximum unit pres¬ 
sure being 

p. = ^ (7© 

which must not exceed the bearmg value of the wood in the pole, 
if distortion is not to take place. 

Practically, if the bolt is drawn up tight, the contact surface 
between arm and pole will transfer a considerable amount of the 
load. When ultimate strength is approached, it is more likely 
that conditions will be somewhat as indicated in Fig. 195 (6). 
The bearing stress between cross-arm and bolt will tend to be 
more near the iiole than at the outer surface if the bolt bends 
somewhat and the wood crushes a httle. Also, the arm tends to 
pull away from the pole somewhat under such conditions and the 
bolt, being in tension, imposes a pressure on the wood of arm and 
pole through the washers at each end. The exact conditions to 
be eiqiected under these latter assumptions are very difficult to 
determine and it is much simpler to compute the strength accord¬ 
ing to the assumption of rigidity. This method is usually satis¬ 
factory if sufficient safety factor is allowed 

The ultimate bearmg strengths of various timbers are given in 
Table XVIII. 


Tabi^i XVIII. —Bbabing Strength or TnaBgK (Ultimatb) 


Timber 

Rnd grain 
bearmg, pounds 
per square inch 

Cross grain 
bearing, pounds 
per square inch 

Western Red cedar . • 

. 3,600 I 

700 

Northern White cedar. 

3,000 

700 

Southern yellow pme 

6,000 

1,000 

Chestnut . -,, 

3,500 

900 

Cypress .. . - - - 

3,500 

700 

Redwood ,. 

3,500 

600 

IX^uglas fir . 

4,500 

800 


For bearing at an angle to the direction of the fibers, the 
strength may be determined by the formula, 

r s= / sin® d -\- 71 cos® 6 (77)’' 

1 N.E3X.A., “Overhead Systems Reference Book,” p. 361. 
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where 

r =* unit strength on inclined surface, 

/ == end grain bearing strength, 
n == cross-grain bearing strength 

6 — of inchnation of pressure to direction of grain. 

Flat vs Angle (One Piece) Cross-arm Braces.—Flat braces, 
Fig. 191 (a), are more commonly used than angle or one-piece 
braces, Fig. 191 (6), but the latter are quite often emplo 3 red for 
heavier construction. Something was said previously, in the 



Ca) Stresses on Cross-arm Braces & Lag 



Braces on oufsiofe of 
arm /aggzoi together 


f Braces on po/e sro/z of 
arm taggeol separately 


KAaJ 



bvvi 


<W Cross-arm Heavily Braced for Unbalanced Load 


Fig. 19d.«—TJnsymmetrically loaded orossarsa- 


diaeussion of loading and stresses of cross-arms, regarding the 
action of braces and it was brought out that the flat brace was 
weak in compression (due to its small thickness compared with 
its length). The amount of support rendered on the compression 
or load side of an unsymmetrically loaded arm is questionable. 
The angle brace, being of larger cross-section, is no doubt able 
to withstand much greater loading in compression. The con¬ 
nection at the cross-arm is also somewhat stronger in that much 
the load (on the compression side) is transmitted directly 
to the brace by pressure of the cross-arm on it. Where the 
croBSHarm is symmetrically loaded and the load is very heavy, 
the angle brace somewhat better suited to assist in supporting 
the arm than the flat braces. Under unsymmetrical loading. 
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however, the brace is not the weak point of the structure, as a 
rule. If a cross-arm is loaded on one end. Fig. 196 (a), the brace 
on the load side will be m compression (Pi) and the brace on the 
other side in tension (Pa) Both of these act on the bolt or lag 
by which the brace is attached to the pole, applying to it an unbal¬ 
anced horizontal pressure equal to the sum of the horizontal 
components of the stresses m both braces (Ps). This pressure 
must be taken up by pressure of the bolt or lag on the wood of 
the pole. It will be found in practice that, with the ordinary 
wooden pole, a single bolt or lag at this point will overstress 
the wood and cause the structure to be appreciably distorted 
long before the flat brace on the compression side buckles. Hence 
the angle brace has no appreciable advantage over the fiat brace 
in keeping the cross-arm horizontal under unB 3 rmmetrical load. 
The bracing shown in Fig. 196 (6) has been foimd to give con¬ 
siderable advantage in this regard, the connection at the pole 
being materially strengthened. 

Where only two fiat braces are used, they are sometimes 
fastened to the outside of the arm, the side away from the pole. 
While this construction may add somewhat to the horizontal 
ngidity of the structure, it is probable that the bending of the 
brace into this position weakens it against vertical loads on the 
compression side. 

Side-arm Braces.—^In side-arm construction, the brace must 
transmit a considerable part of the load on the arm to the pole. 
With all of the load on the end of the arm beyond the brace, the 
vertical compression on the brace may be even greater than the 
load. In any case the actual compresave force on the brace is 
about SO per cent greater than the vertical component on account 
of the angle of the brace. The brace acts as a very slender 
column. Due to its very large slenderness ratio (of the order of 
60 or 70 to 1) the strength is rather difficult to compute, the 
ordinary formulae not giving results which agree with field tests. 
Some tests made by the author on standard (National Mectric 
Light Association) braces showed them capable of withstanding 
an average ultimate vertical load of about 2,200 lb. for the 7-ft. 
brace and 3,000 lb. for the 5-ft. brace, the load being applied 
over the end of the brace. Since the point of attachment of the 
brace to the arm is considerably nearer the pole with the 5-ft. 
brace, it should stand more load if it is to have strength equal to 
t.ViPi 7-ft. brace in supporting a loaded arm. The ratio of loads 



320 


ELECTRICAL DISTRIBUTION ENGINEERING 


on the two braces for a given moment about the pole is 
1.45. Construction with the 7-ft. brace is hence actually some¬ 
what stronger than that with the 5-ft. brace. 

Side-arm construction has less rigidity against forces in the 
direction of the hne, hence liberal safety factors should be allowed 
in the strength of braces. It is often advisable with heavier 
loads to use two braces with one arm, or two arms with two or 
more braces. Both 5-ft. and 7-ft. braces can often be used 
together in such construction to advantage. 



fa) Head Guy 
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c 
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Line wires 
fb) Back Guy 



Fro. 197.—Arm guys. 


—^A.t dead ends, if the wires are all carried on one end 
of &e c»»9s-arm (one side of the pole), it is necessary, in order to 
malnt^ the arm in its proper position, to guy the arm against 
tiw load. This is usually done by attaching a guy to the loaded 
of the «rm and carrying it ahead to another pole, stub, or 
Sometames, where it is inconvenient to carry the guy 
In dhection, it may be attached to the opposite end of the 
azm<suad mried back to the preceding pole, see Rg. 197. 

Wbefs the load is equally balanood on both eiuis of the arm, 
arm gtqrs are ordinaiily um^cessary unless the load is sufficient 
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to overload tlie arms. In such a case arm guys at both ends of the 
arm will be necessary. Where the load is only partially unbal¬ 
anced, arm guys should usually be used, although for small 
unbalances (equal to the tension of one small wire near the pole 
for example), the ordinary, double-arm construction is sufficiently 
rigid to maintain itself m position. Just where the line should 
be drawn is largely a matter of experience and no general rule can 
be given. 

Where single arms are used with unbalanced dead-end loading, 
it is sometimes the practice to use a steel back brace running 
from the end or middle of the arm to the pole. This sort of 
structure has relatively little rigidity, compared with one guyed 
and is not generally used except for service buck arms, see 
Fig. 197 (c). 

Steel Cross-arms.—Steel cross-arms belong in much the same 
category as steel poles for distribution work, having similar 
advantages and disadvantages. Where steel poles are employed, 
steel arms are often advisable but are not always used. In 
general the steel arm, although probably having longer life is 
more costly, is heavier to handle, and does not have the insulating 
value of a wooden arm. With the present plentiful supply of 
cross-arm timber, the field for steel arms is necessarily quite 
limited. 



CHAPTER XVIII 
SECONDARY RACES 


Secondary racks have come to be very commonly used instead 
of cross-arms for supporting low-voltage wires on poles. The 
rack consists essentially of a steel back, attached to the pole, 
upon which are mounted the insulators which support the second¬ 
ary wires, and to which are also attached the service wires branch¬ 
ing oS to customers along the line. The racks are mounted 
vertically, ^.e., with the insulators one above the other. There 
are several marked advantages in this type of construction: 

1. The wires being in a vertical plane, secondary service wires 
running in different directions do not cross each other, see Pig.‘ 
199* 

2. If properly designed and erected, the rack construction 
has better strength than cross-arm construction and is not sub¬ 
ject to bemg pulled out of position as is a service buck arm. 

3. Rack construction is, as a rule, more economical than cross- 
arm construction. The rack with its insulators usually costs 
little if any more than the corresponding cross-arm with its pins, 
insulators, and braces. At the same time, an appreciable number 
of cross-arms are eliminated, since comers may be turned on one 
rack, where two sets of double arms would be required, and wires 
may be dead ended on one rack instead of double arms. In 
addition, the labor cost of rack construction is usually somewhat 
less than that with cross-arms. 

4- The rack construction is considered by most people to have 
a neater appearance than cross-arm construction. 

Of <K)Uxse there are certain conditions where cross-arms serve 
tJte purp<^e better than racks. Where clearance above ground or 
o^ner wires is limited, the cross-arm, since it carries the wires in a 
horiiz^tai {^ane, occupies less pole space than the rack. If ser¬ 
vice wir^ aye few and can be taken directly off the line insulators, 
th^ may be a real advantage. Where there are many service 
wiresliowever, requiring a separate«buck arm below the line arm 
for attaching the rack, placed with its top where the arm 
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would be, occupies Httle if any more pole space. A further con¬ 
sideration of this same sort is that, where pole space is limited, 
it is sometimes easier to provide chmbing space (see Chap. 
XXIII) with cross-arms than with racks. According to the 
Safety Code, unless the rack is 4 ft. below the next arm above it, 
full climbing space must be provided past the rack and the arm 
which, with the standard six-pin arm, requires the pole pin on 
the arm on the side opposite the rack to be left vacant With 
cross-arm construction, the secondary arm is often placed 2 ft. 
below the primary arm and climbing space through both is quite 
easily provided These points are not alwa 3 rs of serious impoi>- 
tance however, since sufficient space on the primary arm is often 
available for allowing the climbing space mentioned, and also 
some companies find it advisable to place the secondary 4 ft, 
below the primary in either case, as a standard practice. 
Hence, although the rack has some limitations to its use, it is 
quite generally recognized as a useful and economical piece of 
equipment. 

Types of Secondary Racks.—There are two general types 
of secondary rack in use, the spool type and the knob t 3 ?pe 
These are illustrated in Fig. 198. The former was the type orig¬ 
inally used and is more prevalent at present. The knob type 
18 favored m some quarters, however. On the sp)ool type, the 
line wires are carried on the side of the spool (either the inside 
or the outside) held on by a tie wire, and the service wires are 
held by being passed around the spool also, see Big 199(a) 
On the knob tsrpe the line wire is laid in the groove on the top of 
the insulator, held by a tie wire of course, and the service wires 
pass through the hole in the insulator, see Big. 199(6). 

The spool tsrpe has the advantage of bemg easy to assemble and 
disassemble, making it possible to change a broken insulator 
without removing the rack from the jHile. The insulators are of 
simple form and are a standard with most porcelain companies, 
being available in either wet- or dry-proeess porcelain. They 
have the disadvantage, however, of having usually to be disassem¬ 
bled when being mounted if the mounting bolts are placed under 
or between the insulators, or else the bolts must be placed beyond 
the end insulators. In the latter case, the rack is likely to be 
structurally weak at the center due to the long span between bolts. 
Another disadvantage is that the usual method of failure when 
tested to destruction is by the insulator being broken due to 
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bending in the bolt long before it has developed its full strength 
in compresaon. 

The knob type has the advantage of being assembled once and 
for all in the factory and can be handled thereafter as one piece. 
It fin-Tt be easily erected with bolts through holes between the 
insulators without disassembling If properly designed, it may 
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njearly the full compressive strengths of the porce- 
th the insu la tors^ since failure is not dependent on the deflec- 
tkmh of the steel frame^ For this reason, it is more likely to have 
uhNteate sfecength under dead-^nd loading than the spool- 
ei e^ual weight <of any of the present standard designs) • 
^* 1^80 d ^the Him wires on top of the insulator makes it 

to c£an 7 larger wires more easily without interfering 
whh service aa^d also facilitates the replacing of the line 

Whes wh^ necesMoy. The (fisadvantages of the knob rack are 
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that the insulators are of more special and complicated shape 
than the spool and have, as yet, been in no sense standardized. 
Where it is necessary to thread the conductors through the insu¬ 
lator, as at comers and dead ends, it is somewhat more difficult 
to do than with the spool. This tj^pe is more recent and has been 
less used than the spool type and hence has not been so well 
proved by experience. 

Secondary racks are made usually to accommodate three wires, 
i.e., with three insulators, but are also made for two wires and 
for more than three if required. The spacing between insulators 
is sometimes 4 in., sometimes 6 in., and sometimes 8 in The 
smaller spacings make a more 
compact rack and hence one 

somewhat stronger for the ^ ^ jA A 

same number of wires and one 

which occupies less pole space. , 

The better clearance between A nc 

wires offered by the larger ^ "^^Xa 

spacing is quite an advantage / ^ 

in working on them, however, <senvce 

and the 8-in. spacing is prob- /6errt^ * a' 

ably used somewhat more than mres Line wre-^A 

the others on that account. 

. fa} Spool Typ« (b) Knob Typ*. 

Racks are made either with .... 

_. ■i-i-i -I lie. 199.—Attachment MTTirea to racks. 

extended backs so that the fast¬ 
ening bolts may be placed beyond the end insulators or simply 
with bolt holes between the insulators (or imder the insulators in 
some cases). In the latter case, with the spool t37pe it is generally 
necessary to disassemble the spools from the rack when attaching 
it to the pole. The knob type is generally made without the 
extended back, as the chief reason for it is avoided. 

Typical Construction, with. Racks.— h. few details of typical con¬ 
struction with secondary racks are shown on Fig. 200. The 
distance between the top of the rack and the next cross-arm 
above it differs with different companies. Two feet is the mini¬ 
mum where the arm carries primary wires (according to the 
Safety Code) but this limits the use of the primary arm on 
account of the climbmg ^pace requirement as previoudy men¬ 
tioned and also is somewhat small for good working conditions. 
Four feet is a convenient distance, being sufficient so that no 
special provision need be made for climbing space on the arm 
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fa) Spool Type Cb) Knob Type. 

Pze. 199.—^Attachment of TOrea to racks. 
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above, and giving fairly good clearance for working on the wires 
above. Greater distances, such as 6 ft. are also sometimes used 
for extra clearance. It is sometimes the practice to keep the 
secondaries on racks on a fairly even level on all poles where 
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Fig. 200 —Typical construction with secondary racks. 


poesifc^e, even thou^ the primary must be raised (by taller poles) 
to dear trees, etc. 

straight-line work, racks are usually fastened to 
pote with one maohine bolt and one lag, although two Tna-nbrnA 
mute are sometimes preferred. Where only one bolt is used, it 
^teced in the upper position with the lag in the lower, Eig. 





At comers or dea>d. ends where the rack must support dead-end 
tension, bolts only should be used. Where the tension is heavy, 
more than two bolts are sometimes advisable if the rack is so 
designed that they may be used. The number of bolts required 
depends upon the strength and design of the rack as well as on 
the load. At points where sufficient dead-end strength cannot 
be obtained with the rack, as with very heavy wires, it is common 
practice to use strain insulators, fastened to eyebolts through the 
pole. Fig. 200(e). 

The method of wiring services is shown in Fig. 200(6). Where 
services are run on the opposite side of the pole from the Hna rack, 
a second rack may be used on 
the same level, the same bolt 
or bolts being used for both. 

Loading and Strength.— 

Secondary racks are subject 
to loading of three different 
sorts, i.e., in three different 
directions. It is important 
that the strength of any rack 
under aU three be considered 
and that it be not weak in 
anyone. fa) SpocJiTypc (b) Knob Type 

The weight of the wires sup- 201 —^Loading on secondary racks— 

ported, including ice loading, vertical 

and also including the weight of service wires earned, imposes a 
load in a vertical direction or parallel to the back of the rack in its 
normal position. This is indicated in Fig. 201. With the spool- 
type rack, this load is earned by the arms supjKjrting the 
insulators, acting as cantilever beams, the load being transmitted 
to them by the spools resting on them. All of the arms do not 
receive load, the ones above the insulators (on racks with 6- or 
8-in. spacing) not being affected except that the top one may 
receive part of the load from the lowest one through the axial 
bolt. This load may reach considerable proportions if heavy 
wires are carried. A rack may be quite strong in other directions 
and yet be weak under such loading since these arms are ordi¬ 
narily made of comparatively light oross-secrion, even of flat 
straps in some cases. With the knob-type rack, the vertical load 
IS transmitted to the back by shear on the bolts fastening the 
insulators to the back, provided the insulators do not crush at 
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any point or pull away from the back. In the latter case a con¬ 
siderable amount of stress may be concentrated at the lower edge 
of the insulator. 

The second type of load on the rack is that due to the tension 
in the hne wires at comers and dead ends, and the tension in the 
service wires where such are taken off at these points and else¬ 
where. Just what such loading will amoimt to depends on the 
size of wires, the wind and ice loading, and the spans and sags 
used. Data for various sizes of wires may be obtained from Chap. 
XXII. For example, if No. 0000 medium hard copper secondary 
wires were dead ended tmder conditions where the maximum load¬ 
ing would stress the wire up to 50 per cent of its ultimate strength 
(approximately its elastic limit), the pull on the rack for each wire 
would reach values of about 4,000 lb. This, of course, is rather 
extreme, but the sags recommended in the Safety Code for such 
wire under ordinary conditions would give a tension of 2,000 
to 2,500 lb. under maximum assumed loading. No. 2 medium 
hard copper, a common size for secondaries, would give a tension 
of about 1,200 lb. imder similar conditions. Considering light 
service wires, a No. 8 soft drawn copper wire has an ultimate 
strength of 480 lb. and its elastic limit is about 240 lb. Service 
wires are usually strung with more sag than line wires, but it 
may be assumed that such a wire might well have a tension of 
1(K) to 150 lb. when loaded. If there were four three-wire services 
taken off the rack, the total pull on each insulator would be from 
400 to 600 lb. These figures are merely given as examples of 
what the magnitude of loading might be. For any particular 
case the loading should be worked out for local conditions as 
to size and probable number of wires, etc. It should be empha- 
^zed howev®*, that such loadii^ is of appreciable magnitude in 
aay case and the rack should be strong enough to withstand it. 

T&e'strength of the rack in service will depend not only on its 
bwt also on the way it is mounted. If a bolt is placed 
each hMSidatw (as is the practice with some types of racks) 
both ^des of each insulator, see Fig. 2MI (o), the strength 
StseK has ixnaparaiaLvely little bearing, the stress 
ftawasmitted almc»t directly to the bolts. In tHtg ease, 
strength will us ua lly be that of the insulator, either 
the .wire itself or under stresses imposed by 
di^berticKB etf Ihe steel bolts or amis supporting it. With 
ihe t^»dol-type raek, it is usably more convenient to mount it 
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■with end bolts only, Fig. 202 (&), as these can be inserted ■without 
taking the rack apart. The rack in this case acts as a compara¬ 
tively long beam, supported at both ends, "with the load apphed 
at six points, i.e., where the arms are attached to 'the back. The 
point of greatest stress in the back (■with S3Tnmetrical loadmg) 
is where either of the arms supporting ■the middle insulator are 
attached (a in Fig. 202 (b)), the bending moment being greatest 
at that point. In some designs of racks, the back is weakened 
at that point by the method of attaching the arm, i.e., rivet holes 
are cut in it or it is slotted and the arm laced through it. Such 
racks are usually comparatively weak when mounted in this 



[d}Bolt each side (b)EnclBolts (clKnoblype 
or each Insulator only boftsbetween 

Insulators 

Fia. 202 —^Loading on secondary taokB— 
horizontal. 



Fia 203.—Loading on sec¬ 
ondary racks—side pull. 


manner (bolts at the ends) but may be sufficiently strong when 
more bolts are used as in Fig. 202 (o). The bolt through the 
insula^tors adds some strength ■to the rack in bending but it is 
usually by distortion of this bolt that failure takes place, the 
bending of the bolt breaking the spools. Where the two mount¬ 
ing bolts are placed between the insulators, as indicated for the 
knob rack in Fig. 202 (c), the rack acts as a composite beam, the 
two ends being in cantilever and the point of maximum stress 
being at ■the point of support. Here again the back is, ■with 
some types, somewhat weakened by 'the bolt hole. The maxi¬ 
mum bending moment ■with such mo unting is considerably lest, 
however, than for end mounting, being, for a rack with S-in. 
spacing, only about one-half as great. 
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Tte third typ© of losiding is side pull on the rack due to dead¬ 
end teiMion, if the rack is mounted on the side of a pole at a dead 
end, or due to the unbalanced pull m case of broken wires, see 
Fig. 203. The strength of the rack under such loading, limited 



Pio. 204.—Results of strenstli test on secondary racks. 


by i^e strez^th of the attachment to the pole, is likely to be 
egocah compared with the strength of the rack under direct pull 
as diseusBsed above. It is usually preferable to place the rack 
on the face of the pole at dead ends as shown in Fig. 200 (c). 
With the spool rack, “dead-end straps” are sometimes used at 
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dead ends with the rack in its normal position on the side of the 
pole, the straps being shpped over the axial bolt and lagged back 
to the pole on the side away from the pull (Kg. 203). 

Stresses are also imposed on the backs and on the bolts attach¬ 
ing the rack to the pole but usually the racks are comparatively 
strong at these points. It is very difficult to predetermine the 
strength of a rack by computation. Laboratory and field tests 
should be carried out on the complete rack to determine its 
strength. 

The strength of any particular rack can best be determined 
by actual test, simulating field conditions as nearly as possible. 
The author has made quite a number of such tests, with results 
varying from less than 200 lb. per insulator to very nearly 4,000 
lb. per insulator at the elastic limit of the rack, mounted and 
loaded as in Kgs. 202 (6) or (c). When mounted as in Kg. 202 (o) 
the ordmary dry-process spool insulator usually stood m the 
neighborhood of 2,000 to 2,200 lb. before breaking. In compar¬ 
ing different designs of racks and different methods of mounting in 
such tests, it was found very convenient to plot a stress deflection 
curve for each, thus exhibiting the relative stiffness, elastic 
limit, etc. Kgure 204 shows typical curves resulting from such 
test. 

The relative proportion between stress and strength which 
should be allowed for a rack is more or less a matter for the 
application of good judgment. Where the loading assumed is 
that due to conductors stressed to their elastic limit, not much 
safety factor should be necessary ordinarily, since the conductors 
will stretch before the tension can be increased materially. Under 
other assumptions of loading, a safety factor of 2 is perhaps 
reasonable. The Safety Code does not stipulate any definite 
provision in this regard except, in general, that pins and other 
conductor fastenings should be able to withstand an unbalanced 
tension in the conductor up to 700 lb. per pin or fastening, where 
Grade A, B, or C construction is required. 
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PINS ANI> BRACKETS 

Except for secondary rack construction, described in Chap. 
XVIII, overhead hne conductors are carried on insulators 
(see Chap. XX) which are supported by pins of some sort 
threaded or cemented into them, which pins are in turn attached 
to a cross-arm or directly to the pole itself. The commonest 
form of pin is that used with a cross-arm, having a threaded 
section at one end which fits the threads on the inside of the 
insulator, a supporting section below that of sufficient length 
to hold the insulator at the proper height above the arm, and a 
shank end which fits into a hole in the cross-arm, the whole 
being of sufficient strength to adequately support the imposed 
loading. There are many other types of pins, or brackets as 
they are sometiines called, however, and some of the commonest 
of these will be discussed briefly in addition to this commonest 
form. 

NCatexial.—^Pins are made of either wood or metal. For 
the metal types, the materials most commonly used are steel and 
malleable iron. Wood pins are more generally used for dis¬ 
tribution construction than metal pins, although the latter have 
their advocates. For voltages above about 13,200, metal pins 
are quite commonly used although wood pins are used for 
highs^ voltages (up to 50,000 volts) in some places. The advan- 
claimed for metal pin^ are their comparatively longer 
fiban wood pins, and their more uniform strength. It is 
scufietimes assumed that the metal pin will naturally be 
th an the wood pin. This is not necessarily true, 
ite' atr^0ngfh depending on its size and design. A number of the 
types of metal pins will be foimd to have materially 
strength than the wood pins which they are intended to 
In choking a metal pin, careful attention should be 
to this factor and its strength determined by test if there 
any qu^tion. As to the advantage of longer life, where 
w^cocj x>oles and cross-arms are used, it is not necessarily an 
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economy to use pins whose life will be longer than that of the 
poles and arms. A good wood pin has usually fully as long 
life as a wood cross-arm and when replacement of the latter 
becomes necessary, depreciation or obsolescence of the pm will 
very often prevent its being reclaimed, even though it may have 
considerable useful life remaining Since the metal pin usually 
costs several times as much as the wood pin, its economy 
can be questioned. Where steel cross-arms and poles are used, 
this consideration, of course, is changed. The advantage of 
greater uniformity in strength in the metal pin is, of course, a 
real one, wood pins varymg considerably from the average. 
Another advantage of metal pins is that, as a rule, they require 
a much smaller hole through the cross-arm than the wood pins, 
thus conserving the strength of the arm. This may sometimes 
be an important factor where loads are heavy. It quite often 
happens, however, that the standard cross-arm has a large safety 
factor under the loading imposed and the extra strength gained 
by reducing the size of pin hole is not of great value. One advan¬ 
tage of the wood pin is the fact that it has a considerable 
amount of insulating value. 

Wood Pms.—^The most commonly used timber for wood 
IS yellow or black locust. This wood has the qualities of 
high fiber strength, extreme toughness, and great durability. A 
sound piece of locust will rarely break sharply when tested to 
failure. It will usually stand a large amount of distortion and, 
even after partial failure, will hold together and sustain a large 
percentage of the maximum load. The strength and toughness 
probably decrease somewhat with age although the amount or 
the rate of change is not known. A large proportion of the 
strength is retained, however, for many yeara, the useful life 
probably averaging at least 15 years under favorable conditions. 

'The fiber strength of locust (ultimate) is given as approximate]^ 
10,000 lb. per square inch (in bending). » 

Any considerable number or amoimt of defects should not be 
allowed in a wood pin, especially in the section of the pin above 
the cross-arm. Such defects are crooked grain, large checks, 
loose or unsound knots (or any knots greater than ^ in. in the 
section above the cross-arm), sapwood of any appreciable 
amount, wormholes, pitch pockets, etc. 

Other timbers are sometimes used for wood pins and some 
of these may have as favorable qualities as locust, but none of 
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them have been as generally accepted, on the basis of tried 
experience, for this purpose Oak has been used to some extent 
and has the qualities of strength and toughness when new but 
apparently has a tendency to become brittle with age. 

Metal Pins.—Steel pins are made from sohd forgings, hollow 
tubing, pressed steel shapes of various kmds, etc. Some of these 
win be illustrated later. 


MaUeable-iron pins are usually m the form of sohd castings, 
sometimes of circular cross-section and sometimes of other shapes 



Fio. 205.—Wood pin (JV EJLt.A. sufis- 
gested etandard). 


The fiber strength (ultimate) 


designed to make better use 
-j_ of the metal. If properly 
i made, malleable iron has 
I good strength and durability, 
j Improper manufacture may 
I introduce an undesirable 
brittleness in the material. 
04 Modem processes in the 
better plants are designed to 
prevent such defects however. 

With either steel or mal¬ 
leable iron it is quite essential 
that the surface of the pm be 
galvanized or otherwise pro¬ 
tected against corrosion. 
Hot-dip galvanizing is used 
almost entirely for this pur¬ 
pose with pins and is an 
efi5.cient protection, 
these materials m bending is 


given as: 


Steel, 60,000 lb. per square inch 
M^teable iron, 50,000 lb. per square inch. 

Besigns.—Wood pm design commonly follows, or at 
least &i quite si mil a r to the suggested standard of the Overhead 
Systems Committee, National Electric li^t Association^ which 
is on Pig. ^5. 

A series of tests on wood pins of various designs, which are 
farther described below, indicated the desirability of naing as 
thick a cross-seofaon as practicable in the portion above the 
shoulder up to the threads, and of reducing the number of 
* “Overhead Systems Befertmce Book,” p. 616 . 
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'fclir68>(ls 8/S mucli SiS possiblB. A d6sigii. bsisBd on 'tlioso suggos- 
tions, which may be used where the number of threads indicated 
are sufficient for the insulators used, is shown on Fig. 206. It is 
believed that this will have somewhat greater strength the 
standard. 

A number of typical designs of metal pins are shown in Fig. 207. 
The problem of threads on such pms has been met in several 
different w&ys as indicated on these pins, a sohd metal thread 
being impracticable on account of the dissimilar expansion of 
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Fia 206,—Variation of wood pin to increase strength, 

steel or iron and porcelain or glass with rise in temperature. In 
general these types of threads are as follows: 

1. Simple splitting of end or cutting out section across pin for 
a distance from the end, virtually making the threaded section 
in two separate portions (used witii maUeable-iron pins). This is 
likely not to furnish sufficient flexibility, the threaded sections 
being still very rigid. 

2. Cast-lead Threads .—This is a quite satisfactory solution. 
The lead being comparatively soft adjusts itself readily to 
inequalities in the porcelain threads and to changes in 
temperature. 

3. Wire Wawnd Spirally to Form Thread .—^This makes a 
satisfactory thread if the wire is properly anchored at the ends. 
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It does not insure the insulator, being held as ngidly in its 
proper position as some of the other methods if such a quahty is 
essential. 
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Metal Pin 




207.—Typical znetal pins. 
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that the threads be very carefully aligned in assembly and that 
the weld be well made. 

Combinations of wood and metal are sometimes used for pins. 
The chief examples of this are metal pins with wood cobs or 
threads on the end, and wood pins with steel bolts inserted 
axially through them, see Fig 208. The former is, essentially, 
merely another solution to the problem of threads on the metal 
pm as has been discussed. It is used to a large extent on com¬ 
munication hnes where the individual wire load is relatively 
small, but not a great deal on distribution circuits. The latter 
type. Fig. 208 (c) has been sometimes used with the false belief 
that it was a stronger pin than the plain wooden pin. This is 
usually not true, however, the bolt being placed at the pjoint of 
minimum stress in the pin (the neutral axis) and hence not taking 
any appreciable part of the load unless of large enough diameter 
to have an effective strength of its own, which is usually not 
practicable. In fact, the cutting out of the axial hole in the pin 
will usually weaken it more than any strength it may gain from 
the bolt. 

Loading.—^The loads on a pin are those imposed by the weight 
of the wire supported, actmg vertically downward, the wind 



pressure on the wire, actix^ horizontally at the end of the pin, 
and the tension in the wire, acting also horizontally at the end of 
the pin at dead ends and comers and under broken-wire condi¬ 
tions. The' amount of such loading may be derived from &e 
data given in Chap. XXII on Conductors.” 

Under the vertical load, the pin acts as a sample column, 
transmittibag the load to the cross-arm at the shoulders where it 
rests upon the arm (or in other types, through the bolte attaching 
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it to the arm, etc.)* This stress in the pm due to one component 
of the total load is usually not large compared with that resulting 
from the other components. It equals the vertical load divided 
by the area under pressure (either the cross-section of the pin 
or the area of the shoulder resting on the cross-arm). 

Under the horizontal load, either of side-wmd pressure on the 
wire or of tension in the wire, the pin acts as a cantilever beam. 
The maximum stress is considered to be at the point where the 
pin enters the arm (or other point of attachment) and the bending 
moment at that pomt equal to the load times the distance of the 
conductor above that point. 


P X A in Pig. 209. 


Strength.—^The computation of the strength of a pin in a 
cross-arm is rather imcertain, due to the rather indeterminate 
action of the support. For example, the wood pin in Fig 
209 (a), might be considered as rigidly held in the arm and the 
strength figured as that of the cross-section of the shank d 
(under the shoulder) under the cantilever stress of P X A, 


. _ P X A 
^ 0.0982di» 


(78) 


However, it is recognized that the shoulder gives more or less 
support according to its width and bearing. Also, the pin is 
not always a t^ht fit in the hole. Both of these factors alter the 
strength from that obtained theoretically. 

If the pin is of the design shown m Fig. 209 (&), the action may 
be considered as a balancing of moments about the point h, 
the strength of the pin being that of the bolt in teiunon acting 
throu^ the lever arm c. Here again, if the arm is of wood, a 
crushing is likely to take place at & which will materially affect 
the strength. 

In either of these cases, especially the latter, the cross-section 
of the pin at some point above the arm may be the weak point. 
The stre^ would then be obtained as indicated in the formula 
above (for a solid circular cross-section), using the diameter at 
Ihc weak point instead of di. 

For a metal pin of hollow cross-section, the equation above 
wwald of course become 




P X A 


0.0982^d» - 


(79) 
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where 

da “ inside diaiinetier at point where outside diameter is d 

A. series of strength tests on a fairly large number of wood 
pins, of design quite similar to the National Electric Light 
Association standard pin, Kg. 205, indicated that failure of such 
pins under load apphed at right angles to the axis usually takes 
the form of a shearing along a plane parallel to the axis of the 
pm, starting in the lowest thread and running to the shoulder as 
indicated in Eig. 210. This is probably due to the concentrated 
shearing stress at the base of this thread, the tensile stress on the 
outside fibers changing from a comparatively large amount to 
zero in an indeterminably short distance at that point. It 
was deduced from this that one method of making a stronger 
pm would be to reduce the num¬ 
ber of threads as much as possible, 
using only enough to fit the num¬ 
ber in the insulators to be used. 

It was also indicated that it was 
desirable to carry the diameter 
just above the shoulder up as 
far as practicable (without inter¬ 
fering with the insulator) to increase the stock in the pin. A pm 
was designed on this basis, see Fig. 206, using only six threads, 
and further tests made seemed to bear out conclusively that the 
strength was materially increased by these changes. Of course, 
where insulators with long threads are used, the reduction in 
number of threads is impossible, but many of the present standard 
insulators require no more than six or seven threads (see Chap. 
XX). Other methods of increasing the strength of a pin are by 
increasir^ the diameter at the top (threads) and by increasing 
the diameter of the shank, but both of these get away from the 
accepted standard for small pins. For higher voltages the 1%- 
in. top pin is quite usual. 

The Safety Code prescribes that for Grades A, B, or C construc¬ 
tion, a pin shall have sufficient strength to withstand an unbal¬ 
anced tension in the conductor up to a limit of 700 lb. per pin. 
The tests mentioned indicated that the standard locust pin 
would average at least that amount, although individual speci¬ 
mens showed less strength m some cases, even without apparent 
defects. The side-wind pressure on a span of wire 150 ft in 
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length covered with 3^ in. of ice, at 8 Ib. per square foot, is only 
180 lb. for No. 0000 stranded T.B.W.P. wire, so a pin with 700- 
lb. strength has ample safety factor against such loading. Under 
dead-end conditions, however, the stress is much greater. Using 
the sags given in the Safety Code, m a 150-ft. span, the tension 
under maximum loading (heavy) would be 2,650 lb. for No. 
0000, 1,600 lb for No. 0, 1,200 lb for No. 2, 760 lb for No. 6, 




(c) Suburban or Ruml 
Line Bracket* 



(d) Side Pole Bracket 


Pig. 211.—Miscellaneous brackets. 


etc. It is evident that one pin woiild.not be strong enough for 
such a loading. It is nec^sary to use two pins for even the 
wires and for the heavier, even two pins are far from 
a^quate. A dead-end construction using strain insulators is 
n^assary for No. 0 and larger and some companies prefer to use 
construction for all sizes. 

It ^uld emphasized again that the use of steel pins does 
UfOt necessarily add strength to tire construction beyond what 
weuid be obtained with wooden pins. The steel pin may have 
other advantages but^ unless properly designed for strength it 
may be eonaderaWy weaker than it might first appear. Tests 




riJVS ANI> BRACKETS 


341 


on a number of such pins have shown that by no means all such 
pins are sufficient to support 700-lb. pull on the insulator This 
IS especially true of some of the si>ecial types shown below, such 
as ridge brackets, etc A test on any such pins which are to be 
used IS recommended 

Special Pins and Srackets.—^A vast number of special pins and 
brackets for different purposes (mostly made of steel) are offered 
by the manufacturers Some of the most commonly used of these 
are shown on Fig. 211. 

The straight screw or lag pm (Fig 211(a)) is used for installa¬ 
tion on the side of poles or cross-arms, usually for the purpose of 
supporting vertical traimng wires 

The pole top or ridge bracket, F^g 211 (2>), is for supporting a 
wire on the top of the pole—usually used for the middle wire of a 
three-wire circuit when it is desired to have a symmetrical arrange¬ 
ment of wires 

The suburban or rural hne bracket. Fig. 211 (c), is mostly 
used for 2,300-volt primaries on rural lines, etc Where the 
circuit IS a branch from a 4,000-volt four-wire circuit, the lower 
wire will be grounded and may also serve as the neutral for the 
secondary, a secondary rack being used in combination with 
this bracket where secondary is installed. A three-wire hne 
may be run with an additional bracket as indicated by the broken 
lines 

Secondary racks are sometimes in the form of the side-pole 
bracket. Fig 211 (d), in two- or three-pm types, but are usually 
of a different form as discussed in Chap. XVIII 



CHAPTER XX 


IHStJTATORS 

It is obvious that all distribution conductors must be insulated 
in some manner from other conductors of the same and of other 
circuits, and also from ground. Since the supports used for 
overhead hues are usually more or less conductive, this inquires 
that the wires be insulated from the supports. Ordinarily, the 
conductors used are either bare wires or have a so-called ^'weather- 
proof-braid'* covering (rubber-insulated conductors are not 
often used, except in special cases). This covering is not a 
dependable insulation, except perhaps at the lower range of 
voltages and then only when comparatively new. Hence, at 
the supports, the conductors must be carried on insulators widch 
will be effective for the voltage used. Insulation of the wires 
between supports is obtained by physical separation. Of 
course, multiple-conductor cables have some use in overhead 
work and in these, and in underground cables, the con¬ 
ductors (either single- or multiple-conductor cables) are 
effectively insulated for their whole length. This chapter, 
however, is intended to deal esF>ecially wrth the insulators used 
for insulating open-wire overhead lines, which are by far the 
most co mm on type of distribution circuit. 

Practically the only materials used for this kind of insulators 
are glass and porcelain. 

Olass.—Olass is an effective insulating material and glass 
insulators are widely used especially for the lower voltages. 
Ordinary glass is more susceptible to breakage due to shock, 
ine^ianical stresses, and temperature changes than porcelain. 
For secondaries, a cracked insulator is not likely to be a serious 
matter and for such circuits at least the glass insulator is a very 
satisfactory type. Insulators are available, made of refractory 
gjass (Pyrex for example), which overcome the difficulties men- 
i^ned to a considerable extent and are hence more suitable for 
the higher voltages. 

I^Fcelam.—^Porcelain is made in two general grades, called 
"wet process” and "dry process.” The difference in manufac- 
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ture is more or less indicated by the designations wet and dry, 
the wet-process porcelain being molded directly from the wet 
clay mixture, while in the dry process the clay is partially dried, 
reground to a damp powder, and pressed mto shape in steel molds. 
The dry process is cheaper than the wet and is better adapted to 
making the more intricate shapes. It has the disadvantage, 
however, of producing a poorer porcelain, one which is more or 
less porous, and which has less mechamcal and electrical strength 
than wet-process porcelain. Probably, the least desirable feature 
of dry-process insulators is that they are quite likely to puncture 
under electrical stress rather than flashing over, while a well-made 
wet-process insulator should flash over before it pimctures. A 
dry-process insulator, therefore, might appear soimd and yet be 
pimctured, while a wet-process insulator would be more likely to 
be shattered, or at least cracked, if damaged at all. It is there¬ 
fore advisable to use only wet-process insulators where the insu¬ 
lating value of the insulator is important to the safety of workmen 
or the continmty of service. There are certain insulators, how¬ 
ever, such as those used for secondary racks (knob type) or for ser¬ 
vice brackets of some types, which are of more or less peculiar 
shape and which are best adapted to manufacture by the dry 
process. In the examples mentioned, secondary voltage only is 
applied and the function of the insulator is usually not so impor¬ 
tant as it is with primary voltages, nor are the voltage stresses 
likely to be so high. Dry-process insulators have given good 
service in such cases. 

It should not be assumed that all porcelains of either class are 
of the same quality. There are wide differences in methods of 
b«.nd1i-n g the clay, mixing, firing, etc., which affect the finished 
product of either of the two tjpes. ^me dry-process porcelain 
is probably of better quality than some wet process. Electrical 
and mechanical tests on samples of the finished pieces will 
indicate serious weakness and are to be recommended as an aid m 
judging quality. 

Types of Insulators.—^The types of insulators most commonly 
used are described briefly below and illustrations of the most 
generally accepted designs given: 

Pin-fype Instdators .—^These are used to support overhead line 
conductors, being mounted on the pins described in Ohap. ZSCIiX. 

Typical insulators for voltages of the order of 13,200 volts are 
shown in Fig. 212. Pour porcelain insulators foruse with voltages 
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up to 6,600 volts are shown on Fig. 213. Figure 213 (a) is a 
type which has been quite largely used m the past for voltages of 
2,300 and 4,600 but which is being displaced in many places by 
other types which are stronger mechanically. Figure 213 (&) 
is a so-called ^^National Electrical Light Association suggested 
standard. It has the advantage of mechanical strength and 
grooves of large diameter which will accommodate conductors 
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I*iG. 212.—Insialatora for voltages of the order of 13,200 volts. 


i0 Twy dzes. Ilgure 213 (c) is another type which has 
Ians® i® compact and has good mechanical strength. Its 

9xe smaller than those of Pig. 213 (6) but will accommo- 
a No- 00^ T-B.W.P. wire. Pigure 213 (d) is another 
13ectnc £%ht Association suggested standard. It has 
top groove ^d hence is not so adaptable to different con- 
as ether dee^gns. 

. ,%p’^,de^gi)»of standard ghsB insulators are shown on Pig. 
314. A aide^roove insulator is, illustrated in Pig. 214 (a), 
is sidtable for wires up to No. 0000. Fpr larger wires a 
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There are insulators of many other designs in use but th^ 
given above are representative and probably are the ones which 
have the greatest general use. A standardization on as few types 
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as possible is of course desirable, not only for an individual 
company but also for the country as a whole. 

Guy Insidaiors .—The Safety Code stipulates that each guy 
which is attached to a pole or structure carr 3 ring any supply 
conductors of more than 300 volts to ground and not more t.hain 
15,000 volts between conductors or any guy which is exposed 
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.shall have an insulator in it. In many eases it 
Is ^ have mure than one insulator in the guy to guard 

posable aodctents in case wires above sag down or break, 
^ Ihi i|te guy ]b9%aks an4 swings into line conductors. Con- 
<jS the ease wffl govern th© location of such insulators, the 
OSds meacely i^iecifyi^ that the first insulator be from 8 
io ft. shove ^^ound and that the lowest one of two or more 
hot be within 8 ft. of the ground. 
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On distribution lines, the most commonly used insulator for 
guye is the interlocking strain-ball type illustrated in Fig. 215. 
With such an insulator, the porcelain may break without having 
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the gay part. Ihy-process porcelain was formerly used to a 
large extent for sueh insulators but, for the reason given above 
in discussing dry- and wet-proeess porcelain, the tendency is 
now very strongly toward wet-process porcelain for this purpose. 
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It is not uncommon to find dry-process insiolators, which appear 
to be sound on the extenor, to have punctures, due probably 
to li gbt.nmg discharges. Such an insulator is a menace rather 
than a protection Three general types of guy insulators are 
shown, Rg. 215 (a) bemg a National Electric Light Association 
suggested standard which follows very closely the old dry-process 
design. Figure 215 (6), a somewhat different shape but not 
essentially different in principle or characteristics, is preferred by 
some. Figure 215 (c) is another type of considerably different 
cross-section. In general, it has a greater leakage distance than 
Fig. 215 (a) on account of the fins and may have higher flashover • 
but is more costly to manufacture. All of these designs are made 
in several sizes to accommodate different sizes of guye. The 
three sizes are indicated for the National Electric Light Associs/- 
tion standard. 

Strain InstUators .—As was brought out in Chap. XIX in 
discussii^ the strength of pins, it is good practice to dead end 
the larger sizes of conductors in some form of strain insulator 
rather than on pin-t 3 pe insulators. Some companies make a 
practice of dead ending all sizes of conductors in such a manner. 
There are several types of insulators used for this purpose. The 
strain-ball type described above for guy insulation is quite 
commonly used for low-voltage <nrcuits (secondaries, etc.). 
These insulators are usually not so well adapted to higher 
voltages (2,200 volts or more) however, since the flashover value 
and the leakage distance, especially the latter, are likely to be 
considerably less than for some of the other types. In Fig. 216 
three desigi^ of disc insulators which are used for this purpose 
are illustrated. Figure 216 (a) is the Hewlett type. This is an 
interlocking insulator on somewhat the same principle as the 
strain ball but with much greater leakage distance. The hole 
is curved and hence is not well adapted to hold the larger wires 
by having them passed directly through it, but may be so adapted 
by the use special hardware, the conductor bemg either 
damped or served aroimd a separate thimble. Figure 216 (6) 
is what is sometimes called the “pig-Uver type,” It is sinnilfl.r 
m principle to the Hewlett but has large holes running straight 
throu^ from side to side, making it possible to serve large con¬ 
ductors chrectly throng the insulator. Figure 216 (c) is a cap- 
and-{nn type, the pin being cemented into and the cap cemented 
around the insulator. It is not interlocking. This is wirmlnr 
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to the design commonly used for suspension strings for supporting 
high-voltage transmission conductors. The Hewlett and the 
cap-and-pin types come in several sizes from 5 to 10 in. in 
diameter. Special hardware, in the form of clevises, links, hooks, 
thimbles, clamps, etc., is offered for use in attaching the insula¬ 
tors to the wire and to the support. These will not be described 
in detail. Care should be observed, however, in selecting such 
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Fio 216,—Disc strain insulators. 


hardware and in selecting the insulator itself that tiie assembly 
used has sufficient mechanical strength to withstand the probable 
load which may be imposed by the conductor under the most 
severe conditions assumed, and with a reasonable factor of safety. 
Figure 216 (d) illustrates the use of a Hewlett insulator in d^ 
ending a conductor showing special hardware. The make-up 
for the other types is not greatly different. 

Spools .—^The spool-type of secondary rack was described in 
Chap. XVIII. The spool insulators for such racks are quite 
weU standardized in design. Figure 217 shows the Natioi^ 
Electric T-ig bt Association suggested standard which is quite 
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generally followed. These spools are commonly made of dry- 
process porcelain but are also available in wet-process porcelain, 
the latter having somewhat greater electrical and mechanical 
strength. 

Specud InstiUdors. —^There are of course numberless special 
designs of insulators for special uses or peculiar to individual 
manufacturers, which cannot be said to have been at all stand¬ 
ardized, i.e., they are not generally accepted and made by all 
manufacturers. Among these may be classed the knobs for 
knob-t 3 TJe secondary racks (see Chap. XVIII), insulators for 
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service brai^ets (see Chap. XXI), various bushings, supports, 
etc., used in cmmeetion with fuse Itoxes, disconnecting switches, 
transformers, etc., and the like. One insulator which may be 
considered as speaal althou^ it may be quite useful in some 
cases in the so-called "service insulator,” one type of which is 
illustrated in Fig. 218, This allows both line and service wires to 
be tied to the same insulator. 

Test Voltages. The practical insulating value of any insulator 
may he quite well gauged by two qualities, its flashover value 
and its leakage distance. The two may be more or less related 
in some insulators but not necessarily so, since the leakage path 
may be considerably longer in one insulator than another without 
correspondingly InereasiT^ the flashover. The leakage distance 
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becomes important after the insulator has been in service for 
some time and has become dirty, the flashover being a good meas¬ 
ure of insulating value for clean insulators. 

Si>Bcific ratios between operating voltage and flashover for 
good design are rather hard to establish as there are other affecting 
factors, such as local atmospheric conditions, mechanical strength, 
type of circuit, type of supports, etc. 



U-- ^ 

* Service Pin fnsuI«l-oT- ((^ass> 
(Cdn7/rfamvi0er//^SaSrsoifT 

Fio. 218 —One tsTpe of service insula,tor. 


The Safety Code stipulates the following minimum values for 
flashover, tests to be made according to A,I.E-E. specifications. 


Nominal bine Voltage 
750 
2,300 
4,000 
6,600 
11,000 
23,000 


Minimum Test Dry Flashover 
Voltage of Insuiatoxa 
5,000 
20,000 
30,000 
40,000 
50,000 
75,000 


Tli^se oKoHlri ibe considered as minimum, values. It fe probable 
that in. most of«®s, in praotiee, th.e ins u l ators used ■will exccod 
these requiremsints somewhat. The insulatois sho'wn on 
213 have, as a rule, flashovers of from 40,000 to 60,000 -voltB 
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and are quite generally used on circuits of 2,300, 4,000, 4,600, and 
6,600 volts. Where metal supports (poles and cross-arms) 
are used it is well to use somewhat better insulation than with 
wood construction, if the insulators are anywhere near the 
minimum requirements given above. With ungrounded circuits, 
the insulation should be sufficient for full line-to-line voltage to 
ground, whereas with a circuit with thoroughly grounded neutral, 

, , , , line voltage 

the voltage to ground is held to--’ This is not true of 

all grounded neutral systems, however, as on some it may be 
possible for full line-voltage to occur to ground. In locahties sub¬ 
ject to severe smoke, salt fog, dust, chemical fumes, etc., it is 
often desirable to use insulators of considerably higher flashover 
than the minimum or at least to provide especially long leakasre 
distance. 
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SERVICES 

The term “service"’ is here used to designate the service branch 
or loop which connects the customer to the general distribution 
mains. 

Although it might appear more logical to include a discussion 
of services in the chapter on “Conductors,” it is introduced here 
in a separate chapter because a considerable part of the points 
brought out wiU concern the supports or attachments and hence 
is closely- related to the preceding chapters. 

Services may sometimes be considered as a rather insignificant 
part of the distribution system, since the individual service is 
ordinarily a comparatively short run of relatively small conductor. 
It must be remembered, however, that, while the distribution 
mains serve a large number of customers, there is a service to 
each customer, and in the aggregate these comprise a considerable 
portion of the system. Economy in design and installation of 
services is therefore well worth attention. Furthermore, the 
service is the part of the system closest to the customer and is 
usually wholly or in part on his premises. A neat, workmanlike 
service is therefore an asset in its favorable impression on the 
customer. 

Types of Services.—Services may be either underground or 
overhead. Where the distribution mains are underground, the 
services will naturally be underground also. Where the mains 
are overhead, customers sometimes prefer the service wires to be 
underground to avoid what is deemed the unsightliness of over¬ 
head wires swinging across their property. From the jjoint of 
view of the power company, such underground services are usually 
not considered desirable. Unless installed in conduit or othei> 
wise securely protected, the cable is subject to damage by being 
dug up or having stakes, etc., driven into it. If it fails, the 
trouble is somewhat difl5.cult to locate and may involve digging up 
a lawn to reach and repair it. Even if in conduit, the replace¬ 
ment of the cable in ease of trouble is likely to take considerable 
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time. The trouble and delay in restoring service is very often 
charged against the power company by the customer, who forgets 
that the underground service was installed at his especial request. 
It must be recognized that underground services are justified 
under certain conditions. 

Underground services are sometimes run in conduit but, where 
tapped from overhead lines, the conduit is more often omitted 
to reduce the cost. In such cases the cable should be “armored” 
or protected from damage as far as possible in some other manner 
Lead-sheathed, rubber-insulated cable has been universally 
used for this purpose until recently, when several forms of braid- 
covered waterproof cable have been introduced. These offer 
the advantages of lightness and less cost and elimination of the 
terminal pothead on the pole, which must be used with a lead- 
sheathed cable. The user should be assured that such a cable 
is properly made to resist the entrance of moisture, however, or 
its use may well be a fertile source of trouble as time goes on. 

Overhead services may be run with either “open-wire ” construc¬ 
tion or multiple-conductor, braid-covered cable. Open-wire con¬ 
struction, with the separate conductors held apart on separate 
insulators, allows the use of cheaper wire (weatherproof braid- 
covered wire is commonly used), makes the detection of trouble 
on the service wires, if such should occur, somewhat easier, 
and allows the addition of a third wire to a two-wire seiwice 
without replacing the other wires. Multiple-conductor cablq,, 
(“duplex” or “triplex’' as it is sometimes called) is considered. 


by many to make a much neater appearance and, in congested 
dtstacicts especially, this advantage may be of sufficient impor¬ 
tance to offset the other advantages of open wire. Multiple- 
oEStdactor service cable usually is made with two or three rubber- 


wires endlosed in a braid sheath (usuidly double), or it 
'hsm simply two or three insulated wires twisted together. 

Ccmdtictor.—^The E£ze of conductor to be used for any 
of course, depend very largely on the load to be 
^or mechanical strength, no smaller than a No. 8 
^bould be used in heavy-loading districts. 
Safety specifies axninimuxn of No. 10 copper for volt- 


and spans le^ than 150 ft. For longer 



the requirements are practically the 
^ccn^refec^ (see Chap. XXII), For the larger 
»the larger siaef of conductors, it 
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will often be found that a considerably smaller size may be used 
than is brought out of the building by the customer. This is 
because the interior wiring is likely to be sized according to total 
connected load, or a large percentage of it at least, not recognizing 
to the fullest extent the probable demand factors. It is uimeces- 
sary for the outside service wires to be any lar^r is con¬ 

sistent with economy and with allowable voltage drop, based on 
the actual load to be carried as determined by test or experience 
with similar loads. Data on demand factors which have been 
found with various types of loads is given in Chap. IV. 

TabIjXS XIX-CON’DTJCTOB SiZBS FOR SbBVICFS 

S%ngl&-pha^e Sermces* 

Single residence, lighting, 4 kv-a. or less (connected) (unless 

including a device drawing 2 kv-a. or more) . . .2 No. 8 

Business buildmgs, lighting, 2 kv-a. or less (connected). . 2 No. 8 

Residence hghting, over 4 kv-a. and less than 6 kv-a (con¬ 
nected) or including a device drawing 2 kv-a. or more . S No. 8 
Busmess lighting, over 2 kv-a. and less than 6 kv-a (con¬ 


nected) . . . . . .3 No. 8 

liightmg load, over 6 kv-a. (connected) ... . . 3 No. 6 

Blectnc Ranges: 

2 plates, both less than 660 watts.3 No. 8 

2 plates, one greater than 660 watts. ... . . .. 3 No. 6 

3 or more plates . ... .... . . .3 No. 6 

Motor: 

3^ to 5 hp. 3 No. 4 

5 to 15 hp (third [neutral] wire not required for 230 volt 

motor only) .. . .3 No. 2 

Xiarge residences, apartments, stores, etc. with heavy load: 

10 to 15 kv-a* (connected).3 No. 4 

15 to 25 kv-a. (connected) . .... 3 No. 2 

25 to 50 kv-a- (connected). 3 No. 0 

50 to 100 kv-a. (connected).3 No. 0000 

100 to 150 kv-a, (connected) . , . 3 350 M 

150 to 200 kv-a. (connected). . . 3 500 M 

Over 200 kv-a, (connected). . 3 750 M 

Three-phase Services: 

One 5-hp. motor or less for occasional use . . ... 3 No. 8 


Up to 10 kv-a, (actual load) not over 20 hp. (connected) .. 3 No. 6 

10 to 15 kv-a. (actual load) not over 35 hp. (connected). . 3 No. 4 

15 to 26 kv-a. (actual load) not over 55 hp. (csonnected)... 3 No 2 

25 to 50 kv-a. (actual load) not over 110 hp. (connected) .. 3 No. 0 

50 to 100 kv-^. (aetOal k>€id) not over 225 hp. (connected). - 3 No. 0000 

lOO ISO fcv-a,. (a^u4l load) not over 350 hp. (connected) . 3 350 M 

150 to |kv-a. (actual loteui) not over 500 hp. (connected).. 3 500 M 

200 (^uhl i^ad). « - * ^ ME 









356 


ELECTRICAL DISTRIBUTION ENOINEERING 


Table XIX gives a list of suggested sizes for services for various 
loads. These are perhaps not universally applicable but have 
been determined as the result of experience and also studies of 
voltage drops and economy for average conditions on one system. 

Service wrres occur usually in relatively short spans and are 
likely to be strung quite slack compared with line wires. This is 
good practice in order to reduce the stress on the point of attach¬ 
ment to the building as much as possible, since a secure anchorage 
to the building is not always obtainable. A maximum hmit of 
100 ft. for the span (without intermediate support) is desirable 
but not always practicable or necessary. A good ready rule in 
regard to sags, for spans up to 100 ft. at least, is to make the sag 
in a service twice as much as that in a normal span of line wire 
of the same length. The Safety Code stipulates, for voltages less 
than 750 volts, minimum sags of: 

12 in for spans 100 ft. or less. 

18 m. for spans 100 to 125 ft. 

27 m. for spans 125 to 150 ft. 

Grade C for spans exceeding 150 ft. 


These sags are less than are specified for line wire in similar 
spans and while permissible as minimums on account of the low 
voltage and the more or less shielded location of the span, cannot 
be recommended as the best for average practice, especially in 
heavy-loading districts, except possibly for the longer spans, 
where any considerable increase might not be practicable. It 
quite often happens that the service wire is higher at the pole end 
than it is at the building and, in such a case, the actual effective 
sag is somewhat difficult for the construction man to estimate. 
The tendency would usually be to have it more than the above 

TnmiTnwma . 

Soft-drawn copper is usually desirable for service wires since 
it Is easier to work with in making connections to the hue wires 
and service wiring and is not likely to be overstressed in the short 
s^uos a ample sags are allowed. 

AttH c hmmrt at Ptde. —^The service is supported or anchored 
at the pole end in several different ways: 

1. With the seeondaay mains carried on cross-arms, when serv¬ 
ices are few and smaU-sized wire, services are quite often 
on the w«ne insulators vrtth the line wire. This is an 
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economical method but not well adapted to more than a very few 
services per pole, see Fig. 219(a), 

2. Where the services are numerous or of lai^ size, it is better, 
with cross-arm construction, to install a separate buck arm at 
right angles to the hne arm and take off all services from this. 
This method is adaptable to almost any number of services and 




leaves the Htte arm clear, which is a considerable advantage in 
it becomes necessary to replace the wire of the secondary 
Connection of services to secondary main may be made 
with a CTTigl ft set of jumpers from line arm to buck arm, see Fig. 
219(5) 

3. Brackets of various kinds are sometimes used, attached to 
pole or cross-arms, to-afford anchorage for the services and clear¬ 
ance past other wires. In general, sm^ coufitruction is not of 
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any particular advantage over the buck-arm method and is hkely 
to be far less sightly. 

4. Where secondary racks are used for the mains, the usual 
practice is to attach the services to the same insulator with the 
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fiot) For Pin Insu latere 5-Poi n+ 
^20.—Muli^polat service bracket* 


Tios^lmiher ilhzstratecl in Chap. XVIII. 
4^ tl^ indicated, from the standpoint of 


, 3^wte^*ispE^t^^|©‘'e9wdnotor oahle is iised, the conductors may 

he awd a^ ^c h mj ed sepeoately in any of the ways shown, 
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or special brackets may be used for bolding the whole cable. 
Such a one is illustrated with the house brackets. It may be 
used at the pole as weU. 

Attachment at Building.—^The service is usually held at 
customer’s building wall in some form of a service bracket. For 
the lighter wires, these brackets are made in two general tsTies, 
the multipoint (two or three point) and the single point. T he 
former consists of a steel back of some sort, often a pressed-steel 
cha nn el, with either two or three insulators, as required, moimted 



Fig, 221,—Smgle-pomt service bracket. 


upon it. Figure 220 illustrates several varieties of such brackets. 
While these were formerly used to a large extent, they have been 
supplanted in many places by the one-pomt bracket on account 
of the latter’s adaptability to varied conditions. Where the 
multipoint bracket is used, usually both two-point and three- 
point brackets are carried in stock, as well as extra insulators 
and screws, anchor bolts, etc., for attaching the brackets to the 
walls. 

The one-point bracket is commonly used in the form shown in 
Fig. 221, «.e., consisting of a single piece of porcelain with, a 
wood-screw fixed in a socket in its base. Single-point brackets 
are also obtainable in similar designs to those shown in Fig. 2^ 
or multipmnt brackets. These brackets axe comparatively 
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strong, if properly designed, are convenient to use, and eliminate 
the necessity for carrying a multiplicity of parts m. stock—either 
two-point or three-point services may be run by using two or three 
brackets, and the screw for attachment to the wall is self-con¬ 
tained. Several pomts in the design of such a bracket are worthy 
of careful attention. The porcelain should be strong enough to 
stand not only the probable wire load when it is in place, but 
also a reasonable amount of rough handling in the warehouse 
and on the service wagon. The porcelam is usually made by the 
dry process on account of its more or less intricate shape. This is 
obtainable of a quality which has very good mechanical strength 
and is quite satisfactory for this purpose. Another feature which 
may occasion difficulty is the type and finish of the screw threads. 
A sharp, clean thread makes for ease of installation in all kinds 
of anchorages, while a thick, rough thread will cause delays and 
breakage of porcelain. Too large a screw is also likely to be a 
detriment for the same reasons. A sharp wood-screw thread of 
about size No. 20 or possibly No. 22 is preferable. A hot-dip 
galvanizing finish, while a good rust preventive, is likely to fill up 
the threads to some extent and leave a relatively rough surface. 
Cadmium plating or sheradizing have much less effect on the 
threads and are preferable for this purpose. The screw should 
have a head which will prevent it from turning when secured in its 
socket, that is, it should be square or be provided with firis of some 
sort. The screw is usually fastened in the socket by fining in 
around it with either lead alloy or cement. The latter is some¬ 
what cheaper but trouble is likely to be experienced with some 
types of cement in their not weathering well or in their promoting 
corrosion of the screw. The socket should be recessed or other¬ 
wise prepared to lock the screw in place. These brackets are 
made in several sizes. The one illustrated in Fig. 221 is a 
medium size which answers well for most general purposes. 

fieavy-eervice wires (No. 0 and larger) usually require a more 
substantial siqiport thmi the ordinary seivice bracket. A second¬ 
ary ra^ is i^table for this purp<^e. A construction Tnaking use 
ci strain insulators, similar to that illustrated in Chap. XXII 
for dead-endirg secondaries. Fig. 239, is also quite often used, 
fear the very large ^nzes. 

ISdumple-oonduotor cable services oSbt somewhat of a problem 
a^ee the cable is too rigid to serve throu^ an ordinary bracket 
in ^^he way ain^e wire is handled. The conductors may be 
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separated and each one anchored or a special bracket for holding 
the whole cable may be lased. Figure 222 illustrates such a 
bracket which has been recently brought out. Its action depends 
on holding the cable between two bakelite wedges slippied into 
a metal sleeve. 

Care should be taken that the attachment of the bracket to the 
building wall is secure enough to develop the strength of the 
bracket to as great a degree as is practicable. Multipoint 
brackets are attached to wooden structures with wooden screws 
or small lag screws in.) and to masonry walls with anchor 



Service Bracket ■For MuUtpie Conductor Cables 
(HubJbarxsfS:. Co.) 

Fia. 232 —Bracket for miiltiple conductor cable. 

bolts. With the one-point bracket, an expansion shield, usually 
of lead, is ordinarily used, placed in a hole drilled in the wall and 
the bracket screwed mto it. Anchor bolts and anchor shields 
are made in various types and sizes and some care is warran-ted 
in selecting, by test if possible, one which is of the proper size 
and strength for the purpose. Yeneer brick walls are likely 'to 
present somewhat of a problem since the masonry is usually not 
strong enough to adequately hold the bracket with an expansion 
shield and too thick 'to allow the ordmary screw 'to pass through it 
into the frame. Liong screws are sometimes used for this purpose 
but are not entirely satisfactory in all cases. A good solution 
of the problem of attachment to any type of masoiuy waU is to 
require 'the customer, when the building is erected, to furnish a 
wooden surface, either attached 'to or built into the wall at a 
proper location and properly anchored "to it, to which service 
brackets may be attached. The wood-screw bracket is then 
sufficient for all servi<^. 

The bracket should be placed on the building within easy reach¬ 
ing distance (2 or 3 ft ) of the point to which the customer's ■wiring 
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■will be brought and that point should be high enough above grade 
to give the service ■wires proper clearance (at least 10 ft.)* Where 
it IS necessary 'to run the ■wures along the ■wall for some distance 
to reach the entrance point, they should be supported on addi¬ 
tional brackets placed not over 10 ft. apart, ■with the last one near 
■the entrance point. Figure 223 illustrates service ■wires on a 
b^uilding. 


Service bruc/tef 



fa) Attachment -to W«H (b) Brackehng Along Wall 

1^0. 223.—Attachment of serrioe -wires to biuldings. 


Strength of Brackets.—The strength necessary in a service 
bracket and its attachment to the wall depends of course on the 
siae of conductor, its maximum wind and ice loading, and its sag. 
A practical maximum limit is somewhere near the elastic limit 
the conductor, as beyond -that point 'the conductor might 
f^reteh and relieve the -tension. For soft-drawn copper this 
■varies from about 2W) lb. for No. 8, to about 1,000 lb. for No. 2, 
So. lor No. 0000, etc. If extra irag is allowed in the service 
as was su^ested, these stresses -will not be reached, 
t^Mi vdiioh may be expected dei>ending on the increase 

In^isllg Qsed civar the normal sag based on tiie elastic limit as an 
tdliissla teskEfioas. 

' 9, number of teats made on one-point service 
of the ^ype fllmstxated in Fig. 221, it may be assmned 
asiream^ -of 1,500 lb. in £rect pull is not unreasonable for 
a -ipeSt^isskdalisracket, s/osa^ bedding 2,Q00 lb. or more before break¬ 
ing, The poreelain Should Ineak before -the screw pulls out in a 
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proper design. Tlie strength, of the hold of the screw in the wood 
is likely to be the weak point of the construction when the bracket 
has this strength. Multipoint brackets of similar design have 
similar strength. With some of the other types of muljiipoint 
brackets, failure will take place in the steel back or framework or 
in the means of holding the insulator, rather than in the porcelain 
itself, and the strength in such cases will usually be less than that 
indicated above. For strength in a direction at right angles to 
the axis of the screw (dead weight or side pull) 500 lb. was found 
in the tests mentioned to be a reasonable requirement. 



CHAPTER XXII 


CONDUCTORS 

The conductors on an overhead line are probably more subject 
to mechanical failure than any other part of the construction. 
This is due to two factors: 

1- They are under electrical stress (voltage) between each 
other and to ground. Any breaking down of insulation, either 
by failure of other parts of the structure or by the coining together 
of the wires, will cause an electrical failure, which is very often 
accompanied by a burning of the conductors and their mechan¬ 
ical failure. 

2. It is desirable to have a relatively small amount of sag 
in the wires in order to reduce the chance of their swinging 
together. The tension, however, is approximately in inverse 
proportion to the sag and hence, from that standpoint, a relatively 
large sag is desirable in order to minimize the stress. Trying 
to satisfy both these requirements usually results in a sag whihc 
will stre^ the conductor up to at least its elastic limit when the 
heaviest assumed loading is experienced, leaving relatively little 
maigin for safety factor to provide for occasional unexpected 
laige stresses. 

When it is remembered that mechanical failure of a conductor 
results in complete interruption to the circuit, it is evident that 
careful attention to the mechanical design of this part of the 
is extrem^y important in order that the chances of 
me^banical failure be minimized as far as possible. 

Oouductcur Materials.—^The materials which are suitable for 
conductors and which are economically available are very limited 
in number. A brief discussion of those commonly considered 
will be i^ven with s^pedal reference to their mechanical features. 

CJoppcr.—-Coppea: is the mc^ commonly used conductor 
material and in nctany wa3n5 is the most satisfactory for general 
purposes. Its conductivity is high and is used as a reference for 
that of other materials. It is easily handled being soft enough 
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to be readily “served” up and yet hard enough to be not unduly 
subject to injury. It may be sphced or joined effectively by 
simple serving and soldering. The disadvantage of copper for 
some types of lines lies in its relatively low-tensile strength. 
This limits its use to comparatively short spans with the smaller 
sizes of conductors. For urban distribution this disadvantage 
is usually not of much importance since the length of span is 
ordinarily governed by other factors such as location of streets 
and alleys, necessity for reaching customers conveniently, etc., 
rather than by conductor size. For rural lines, however, economy 
may often be realized by use of long spans, eliminating as many 
poles as possible, and a higher strength conductor may therefore 
prove of considerable advantage. 

Copper wire is made m three standard degrees of hardness 
called “hard drawn,” “medium hard drawn,” and “soft drawn.” 
Hard~drawn copper is the result of drawing the wire down to 
size without subjecting it to annealing. It is the strongest of 
the three grades as will be seen by reference to Table XX. At 
the same time it is harder to work with, i.e., it is stiffer and cannot 
be served up or otherwise handled so readily. It is used where 
high strength is especially important but is not as generally 
employed for distribution lines as the medium hard drawn. 

MediuTnr-lwrdf-dravm copper wire is made by drawing the wire 
nearly to size, annealing it, and then redrawing it to size, giving 
it a certain hardness but not as much as that of hard drawn. 
Its tensile strength is between that of soft drawn and hard drawn 
and is somewhat indeterminate, covering a wider range of values 
than that of either of the other grades. Its “workability” is also 
intermediate between that of soft-drawn and hard-drawn copper, 
which makes it well adapted for use on distiibutaon lines where 
joints, taps, etc, are numerous. Soft-drawn copper wire is the 
result of annealing the wire after drawmig. It is very flexible 
and easily worked but is also relatively low in tensile strength. 
Soft-drawn is not usually recommended for line conductors for 
that reason but is commonly used for service wires for which the 
span is usually short, the sag relatively large, and joints necessary 
at both ends of relatively short lengths. Soft-drawn copper is 
also used for tie wires. For underground cables, interior wiring, 
and other i^s where mechanical strength is not a major require¬ 
ment, sqft-^awn copper is nearly alwa 3 rs preferred on account 
of its flexibility. 
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Aluminum .— AlnmitniTn wire is a competitor of copper for 
electrical conductors. Its conductivity is less than copper (about 
63 per cent as great) but this is compensated for by the fact 
that aluminum is much lighter in weight than copper (about one- 
third as heavy). Hence, for conductors of the same conductivity, 
the flTiimirmm will be only about one-half as heavy although bemg 
of somewhat larger diameter. Aluminum has the characteristic 
of being relatively low in tensile strength, its strength being about 
two-thirds that of soft-drawn copper. The breaking strengths 
of aluminum and soft-drawn copper conductors of eqmvalent 
conductivity are therefore practically equal. Aluminum is also 
considerably softer than copper and is subject to mechanical 
injuries in handlmg which materially affect its strength. These 
factors are unfavorable to the use of aluminum for line conductors, 
at least in the smaller sizes and in heavy-loadmg districts. In 
spite of the fact that the conductor itself is lighter than copper 
for equivalent conductivity, the additional ice and wind loads due 
to its larger diameter make the total resultant load, under maxi¬ 
mum heavy-loading conditions, somewhat greater as a rule. 
Plain aluminum conductor,, therefore, usually does not compare 
favorably with medium-hard or hard-drawn copper from the 
standpoint of mechanical strength. 

Aluminum conductor with steel reinforcement is intended to 
remedy this deficiency. It is made with a central core of one 
or more strands of high-strength steel surrounded by strands 
of aluminum. The steel gives it mechanical strength and the 
akoninum, conductivity. The breaking strength of this conduc- 
tcHT is about twice that of the equivalent conductor of plain 
akrcmnum. It is, therefore, considerably stronger than copper 
wir^ even hard-drawn copper of equivalent conductivity. 

it smtable for use in construction where mechamcal 
Js an especially important factor, such as where long 
^IMtla'desiral:^ Steel remforced aluminum or A.C.S.II. as 
cable steel reinforced) is quite commonly 
t»aili»nSsatons Ihaes^ where on aorount of the topography 
Ib’ eider te reaMze economy, long ^>ans are neces- 
' , jSn work it is piuticttlarly appli- 

ftuai fines) where ^ans are not 

ilu the ^raatent whi^ they are in urban territory, 
and whale cam Oftan be reafized by the 

reduction in the cue* pf if spans of the order of 360 to 300 
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ft. axe used. Copper wire in the smaller sizes is not suitable 
for such spans in heavy-loadmg districts but the hi gh mechanical 
strength of A.G.S.S.. allows its use, even m sizes as small as No. 4 
(equivalent to No. 6 copper). Number 4 for example has an 
ultimate strength of 2,660 lb. as compared with 1,280 lb. for No. 6 
hard-drawn copper. 

The fact that A.C.S.R. is made of two different materials not 
homogeneously bound together, introduces certain difficulties 
into the problems connected with its use. The scrap value of 
salvaged material is reduced by the cost of separating the two 
metals. The tensile and elastic characteristics are composite, 
both materials contributing their own characteristics in propor¬ 
tion. This will be discussed somewhat further under the general 
characteristics of various materials given below. 

Aluminum has the disadvantage, compared with copper, that 
it is very difficult to solder, a field job of soldering being almost 
out of the question. This is largely due to the very rapid forma¬ 
tion of oxide on the surface of the freshly cleaned metal. When 
using alummum or A.C.S.R. as a conductor, joints are made with 
either twisted sleeve connectors (for joining small conductors), 
special compression joints (for large conductors), or clamps (for 
taps). Where aluminum is joined to copper conductors special 
alu mm um clamps with copper bushings should be used. Such 
joints are satisfactory electrically and probably no more difficult 
to make than the ordinary joints with copper when the specktl 
equipment is at hand. The facility with which copper may be 
joined and soldered without special equipment, however, is often 
a convenience, especially in an emergency. 

Steel .—Steel wire is sometimes used as a conductor but not very 
commonly for electrical distribution, sinoe its conductivity is 
relatively low (see Chap. XIV). It may be had in several 
grades, some of them of very high mechanical strength, and 
where mechanical strength is of primary importance and elec¬ 
trical conductivity only secondary, steel wire is suitable. It 
should, of course, be galvanized or otherwise protected from 
oorro^on. little consideration is given steel conductor in this 
chapter as it is felt that its field of usefulness as an electrical 
power conductor is relailvely small. 

Gtappeir-ew^ed Steei .—^A compoate conductor made with a 
hi^-g?!ede steel surrounded by a layer of copper offers 
ia(iyantages of hi^ meohmueal strength and fairly good 
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conductivity It is important that such conductors be manu¬ 
factured in such a way that the material is homogeneous, %.e., that 
the copper is securely and continuously welded to the steel. 
Copper-covered steel is made m two grades of conductivity, 30 
and 40 per cent copper (referring to the percentage which the 
conductivity bears to the conductivity of hard-drawn copper wire 
of the same cross-section) and m two degrees of strength, deter¬ 
mined by the grade of steel eontamed. Where used for distribu¬ 
tion lines, the 40 per cent conductivity with the lower tensile 
strength steel is usually preferable, the higher strength being 
more commonly used for guys, messengers, and similar purpK>ses. 
Coppei>-covered steel will be found a satisfactory material for 
long-span rural lines and the like, but where the electrical load is 
such that conductivity is relatively important it may be found 
that the size necessary on that accoimt is out of proportion to the 
mechanical strength required. For example, for a conductivity 
equivalent to No. 6 copper, a 40 per cent copper-covered conduc¬ 
tor must be No. 2, with a tensile strength of 4,000 lb., as compared 
with 1,280 lb. for hard-drawn copper, and 2,660 lb. for No. 4 
A.C.S.B- 

Copper-covered steel has the advantage that since its outer 
surface is of copper, it may be handled the same as copper wire 
in making Joints, taps, etc. The heavy copper covering and 
homogeneous structure insures it against destructive corrosion 
in most cases. 

AUays. —Alloys of copper, such as various forms of brass and 
bronze, are sometimes used for conductors where higher mechan¬ 
ical strength is desired than is afforded by copper. They have the 
chameteristic in general of having less conductivity than copper, 
the amount depending on their composition and method of noanu- 
facture. It is well known that certain allo 3 ^ of copper, even 
when the material added is a relatively small percentage of the 
have only a f rstotion of the conductivity of copper although 
tib® strength is increased very considerably. Care should 

be feed In employing such materisds, therefore, to be sure that the 
aBcy is ESidh the conductivity is not so reduced. Some of 
the alloy eonductors on the market are claimed to have conduc¬ 
tivities as hi^ as 90 per cent of that of copi>er, obtained by certain 
hest-trealiiig processes as well as by the compoation. These 
alIo 3 ?s have the advantage of being sufficiently siTmT«.r to 
copper to allow ti^m to be handled like eqpper in making 
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joints, etc., and to have a salvage value practically equal to that 
of copper. 

Alloys of alunainum may also be used for conductors. Small' 
percentages of silicon, magnesium, iron, copper, etc, added to 
aluminum, materially increase its hardness and tensile strength. 
The conductivity is thereby reduced, however, as it is with copper. 
Its elastic properties are the same as aluminum, which is not 
generally in its favor as a high strength conductor, as will be 
pointed out below. Aluminum alloys have not been employed 
to any considerable amount in this country but have had some use 
abroad. 

Characteristics of Conductor Materials.—^Table XX contains 
some of the most important characteristics of the various conduc¬ 
tor materials which have been described above. Following that, 
a brief discussion of each of these characteristics in its relation 
to the mechanical design of overhead lines will be given. 

Conductivity.—Since the major function of any conductor is 
to transmit electrical current, in comparing any two conductor 
materials, sizes of equivalent conductivity should be chosen, 
rather than sizes of equal cross-sectional area. Usually copper is 
used as the standard as it has the highest conductivity of any 
of the commercial conductor materials and is the material most 
commonly employed. For example, taking No. 2 copper as a 
basis, the equivalent sizes of other materials are as follows to the 
nearest standard size: 

No. 2 Copper Equivalent (R «= 0.161 ohms per 1,000 ft.) 

Copper...No. 2 (A-W G ) 

Aluminum. No O (A W.G.) 

Copper-covered steel* 

30 per cent.No. 0000 (A W.G.) 

40 per cent.... No. 000 (A.W G.) 

' ‘ C(H)$>ei>«lloy CBitenso). No. 1 (AW.G) 

Atupukiam alloy (AMrey). . No. 00 (A.W G.) 

“ . 1 

, The wel^t of the wire is one of the important factors 

' of sags and tensions in conductors. For a given 

the tension m the wire is practically in direct 
|K«i|^|^l^^^loa4p«rfootonihe wire, and ^ds load consists 

wue its^ pius its insulaticp or covering, 
plus lee' Ipedinil^ (w^ctorial^) wind loading. The ratio 
between' feneUe strength and w^y^t is a ropgh indication of the 
medianiml advantage of any conductor material. 
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Ultimate Strengtii.—^The ultimate strength of a conductor, 
while a measure of its resistance to breakage under unusual load¬ 
ing, IS not especially important in studying a design since ulti¬ 
mate strength is not reached without appreciable elongation of 
the wire. Elongation, even m very small percentage, is accom- 
pamed by comparatively large increase m sag. Smce tension is 
approximately inversely proportional to sag, when the sag 
increases the tension, and hence the stress in the wire, decreases. 
The elongation up to the elastic limit is taken into account in 
computing allowable sags, etc. Beyond that point, the elonga¬ 
tion, being much greater per umt increase in stress and being 
partly permanent, cannot, as a rule, be included as a factor in 
design. The ultimate strength of stranded conductor is usually 
assumed to be about 90 jier cent of the sum of the strength of 
the strands. 

Elastic Limit.—The elastic limit of a conductor is the maximum 
stress which it ordinarily should be required to withstand. 
Theoretically, a conductor may be stressed up to its elastic limit 
without permanent deformation, i e , when the stress is removed 
it should return to its original unstressed length. 

True elastic limit is, therefore, the stress at which the stress- 
strain curve starts to diverge from the straight hne which is its 
form at low values of stress. For conductor materials such as 
copper or aluminum this point is at a fairly low stress, the shape 
of the curves being approximately as shown on Figs. 224 and 225. 
Beyond that point, the increase in curvature is more or less 
gradual for some distance, that is, although the material is per¬ 
manently elongated by increase in stress, a considerable increase 
must be imjiosed before the “yield point'' is reached where it 
will draw out and break without further increase. As a rule, 
the elastic linut is taken at some point where “the tangent to 
the curve has a slope 1.5 times that of the curve up to the true 
elastic hmit.”^ It is commonly assured that, if the wire is 
stressed somewhat beyond the true elastic limit, to a point o, Big. 
224, for example, when the stress is released the stress-strain 
curve will return along a straight line parallel to the initial curve 
and subsequent stressing up to that point will follow that line, at 
least nearly up to the original curve. Somewhat of an increase in 
the true elastic limit is therefore obtained by initially stressing 
the wire to somewhere near its assumed elastic limit and this is 

* Johnson’s elastic limit. 
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sometimes practiced. The elastic limit of copper is generally- 
assumed as from 50 to 60 per cent of its ultimate breaking 
strength for medium- and hard-drawn copper (Safety Code gives 
55 per cent). Tor soft-drawn the elastic curve has an even 
smaller straight portion and hence the elastic limit is very indefi¬ 
nite but is, for practical purposes, usually assumed at about 50 
per cent of the ultimate. For aluminum the elastic limit is also 
indefinite but is taken as from 50 to 65 per cent of the ultimate 
stress. 




Fio. 224.—Stress strain, oturve—^hard Fio 226.—Stress strain curve—steel 

dravn copper and aJuminum. 


For composite materials such as A.C.S.R, the stress-strain 
oarve is a combination of the curves of the two materials. Fig. 
1285. On initial stress, the two components will elongate equally, 
hence will divide the stress in proportion to their cross-sectional 
area and their individual stress-strain characteristics. For 
*i ^8 ^ynp le, assume there is 1 strand of steel and 6 of aluminum, and 
tiw aluminum elongates times as much for the same s-tress as 
dbee toe steel (ratio of moduli of elasticity, E). 

Hie hMtd assumed by 1 steel strand 

„ ^ ^ the load assumed by 6 aluminum strands 

« 6 - 

— ^ 1^6 load assumed by 6 aluminum strands; 

i.e.f the steel takes of the -total load, -the al-uminum 

When a certain streas is reached, the aluminum portion -will p ajaa 
its elastic limit and will thereafter elongate more rapidly in 
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proportion to the increase in stress. The steel having a higher 
elastic hmit will therefore assume a continually increasing pro- 
jMirtion of the load until its elastic limit is reached. Figure 226 
shows ts^ical stress-strain curves for such a wire. If the stress 
is released at the point a, the aluminum will return to zero stress 
along a hne b, having a permanent elongation. The steel will 
return to zero stress along the line c, the aluminum strands loosen¬ 
ing somewhat to compensate for their increased length. The 
composite wire will follow the curve d. For subsequent loading, 
the material will follow approximately the composite curve by 



which it returned from the initial stress unless such subsequent 
stress loads it beyond the point o. The elastic limit of the com¬ 
posite material is a rather indefinite quantity as is readily seen 
from these curves. It mig ht be assumed to be at the elastic 
limit of the steel component since, up to that point, the behavior 
of the material will be very much as illustrated in Fig. 226. The 
manufacturers, figures for elastic limit are about 70 per cent of 
those for ultimate strength. 

Modulus of Elasticity (E ).—^The ratio between stress in pounds 
per square inch and elongation per unit length is the measure of 
the elasticity of the material. It is the slope of the straight-line 
section of the stress-strain curve up to the elastic limit. For 
A.C.S.II. it is practically impossible to state the modulus of 
elasticity, except approximately, smce the stress, strain curve is 
composite as has been shown. 
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The modulus of elasticity is a measure of the way a conductor 
will sag under loading. A low modulus indicates that a relatively 
laige gag may be expected when the wire is loaded, a high modulus 
indicates comparatively small mcrease in sag between lightly 
loaded and heavily loaded conditions (temperature neglected). 
Aln-rnmnim has a much lower modulus than copper, hence it is 
to be expected that it will show a greater mcrease in sag when 
loaded with ice and wind. This is a factor which should be taken 
carefully into account when designing a hne. Designs are usually 
based on ground clearances, etc., at 60°P. but in many locations 
the clearances under ice loading are equally important. The 
high-tensile-strength aluminum alloys have this disadvantage 
that their modulus of elasticity is practically the same as that of 
pure aluminum. Hence they show a relatively large increase in 
sag imder load. 

Temperature Coefficient of Linear Expansion.—This character¬ 
istic is a measure of the change in length of the material with 
tempereture. It is of prime importance in stud 3 ung the varia¬ 
tions in sags of a conductor with temperatures other than that 
in which it is strung. A high coefficient means relatively large 
increase. It is sometimes found that the sag at high summer 
temperatures is greater than that under heavy ice loading, for 
which the temperature is of course low, and this may be a critLoal 
feature of the design. Here again aluminum, and its allo 3 ^ are 
at somewhat of a disadvantage as this coeffiment of expansion is 
oonmderably greater than that of copper 

Covering and Ihsulalion .—A clear distinction should be made 
hettveen insulated wire and wire which can be called only 
/^eovtoed” wire. Insulated wire has a covering of definite 
value intended to be sufficient to withstand under all 
e$p<htions of service, with a reasonable sfriety factor, 
imposed. Covered wire as used on distribution lines 
so-called “weatherproof” wire. Such covering 
Bosae insulating value under favorable conditions but 
to be an insulation, smoe its dielectric strength 
un c e rtain imd vmiable. 

'^weatherproof or, as it would be more 
eovming consists of 
about the wire and impr^nated with a 
watmpphf hi somerim^ nsed fear inner braids. 

The vanoqs t hM g noa aiep. covering need are Klesigimted by l^e 
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number of braids as “single braid,” “double braid,” and “triple 
braid ” No generally accepted standards exist at present for 
either the thickness and quality of the braids or the composition 
and properties of the impregnating compoimd. There are two 
rather distinct groups among the users of weatherproof wire 
There are those who believe the covering is useful only when new 
and who do not think it worth while to pay extra for the qualities 
which might msure long life and retention of such insulating 
value as it has. Others feel that the weatherproofing, if used at 
all, should be of sufficiently good quality to have a reasonably 
long serviceable life. For secondary voltages, i.e., up to 500 
volts, good weatherproofing may be considered to be quite effec¬ 
tive insulation and as such should, it would seem, retain its effec¬ 
tiveness as long as the wire is used. For voltages around 2,300 
volts, weatherproofing on the wires, while not a dependable 
insulation, will be sufficient to avoid many troubles due to wires 
swingmg together, coming in contact with trees, etc. For higher 
voltages, especially of the order of 5,000 or above, weatherproof¬ 
ing cannot be considered as insulation and many companies use 
bare wire. For voltages around 5,000, good tiiple-braid weather¬ 
proofing may be quite effective when new and dry and hence is 
of some value in urban districts, and especially on poles with 
many wires, in preventing accidental faults when stringing in new 
circuits or from objects thrown across the wires. As a protection 
to workmen or the pubhc, however, it cannot be depended upon. 
For rural lines bare wire is quite generally employed. Where 
weatherproofing on wire is used for its insulating properties, 
triple braid is probably preferable to single- or double-braid, since 
the insulating value will be more or less in proportion to the 
.thickness of the covering. 

A few points might be noted in connection with the qualities 
desirable in weatherproofing. In purchasing wire, a limit should 
be placed on the weight of the weatherproofing for any given size 
of wire, since, as a matter of economy, a user should not purchase 
a greater proportion of such material than is necessary for his 
purpose. The compound used should be fairly elastic at all 
temperatures, sohd enough not to drip at high temperature, 
should be insoluble in water, and should not contain anything 
which would tend to injure or deteriorate the cotton. 

Insvdaiion .—Insulated wire used on distribution circuits is 
mostly for training wires on transformer poles, cable poles, etc.. 
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for jumpers, and in general where it is subject to considerable 
handling or in locations where men are likely to come in frequent 
contact with it. Interior wiring is of course the greatest use for 
insulated wire. 

Insulation for outdoor use usually consists of a layer of rubber 
surrounding the wire, covered by one or two weatherproof braids. 
The thickness of rubber required for various voltages as given 
in the A.I.£.E. Standards is as follows: 



600 

volts 

1,500 

volts 

2,500 

volts 

3,500 

volts 

5,000 

volts 

6,000 

volts 

Nos. 14 to 8 . ... 

^4 

^€4 

Ha 

^Ha 

^A 

^Ha 

Nos. 7 to 2 


Ha 

Ha 

^Ha 

^Ha 

^Ha 

Nos. 1 to 0000 


Ha 

^Ha 

^Ha 

^Ha 

^Ha 

225 to 500 M. clr. mils. 


Ha 

^Ha 

^Ha 

^Ha 

^Ha 

550 to 1^000 M. cir. mils 

?€4 

^%A 

^Ha 


^Ha 

^Ha 

1,250 to 2,000 M. cir. mils 


^Ha 

\ 

^Ha 

^Ha 

^Ha 

^Ha 



7,000 

volts 

8,000 

volts 

9,000 

volts 

10,000 

volts 

11,000 

volts 

Noe, 14 to 8. . 

^Ha 

^Ha 



^Ha 

Nos. 7 to 2__ 

^Ha 

^Ha 


^Ha 

‘Ha 

Nos. 1 to 0000 

^Ha 

^Ha 


^Ha 

‘Ha 

225 to 500 M. «ar. mils 

^Ha 

^Ha 

»%4 

^Ha 

' ‘Ha 

550 to 1,000 M. oir. mils . 

^Ha 

^Ha 

*%4 

^Ha 

‘Ha 

1,260 to 2,000 M. cir. mils 

^Ha 

^Ha 

*%4 

^Ha 

‘Ha 


While these thicknesses are generally accepted for use on inte- 
lior wiring, they are sometimes reduced when apphed to special 
purposes on distribution lines, some allowance being for 

the inwilating value of the pole, and for quality rubber, if 
used. Hubber msulation is subject to deterioration when 
exposed to than ges in temperature, moisture, and sunlight and 
for outdoor use it is usually advisable to use a higher grade 
the mdinary so-called "National Electrical Code Rubber,” 
such as that whi<di is ^lecified as 30 per cent Hevea or its 
equivalent. 
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Tree Wire.—^Where wires pass through trees aad are subject 
to abrasion from hmbs and branches as well as to being grounded 
through the tree, some form of covering is necessary to resist 
these actions. Several forms of tree wire are on the market. 
The covering usually consists of a layer of rubber of sufficient 
thickness to insulate for the voltage used, covered by some abra¬ 
sion resisting material. Several forms of coverings are being 
produced such as hard-woven cotton braids, fiber armor, sisal, 
and other specially prepared materials. Sometimes a wooden 
molding is used around the wire as an abrasion resistant at points 
where damage is especially likely, the wire used bemg either some 
form of tree wire or, in some cases, ordinary insulated wire. It 
should be remembered in usir^ tree wire that the loading on the 
wire is considerably larger than for ordinary weatherproof wire 
and sags and tensions must be computed accordin^y. 

Conductor Size.—In this country, the circttZar mil is usually 
used as the unit of measurement in defining conductor sizes. 
For the smaller conductors, up to 212,000 cir. mils, the size is 
usually designated by a gauge number according to the standard 
American Wire Gauge (A.W.G.). For the large sizes, the cross- 
sectional area in circular mils is used to describe the size of the 
conductor. One thousand circular mils is quite often used as a 
unit and a size written as 350M. c.m. for example, referring to 
350 thousand circular mils or 350,000 C. M. Since tensile 
strength of a wire is a function of cross-sectional area and unit 
strength is usually given in pounds per square inch, it is often 
necessary to convert circular mils to square mches, to determine 
diameters in inches, etc. In foreign practice the metric scale 
is used for diameters and areas and a ready means of comparing 
sizes so given with those denoted in inches or circular mils is often 
useful. The following definitions and relations will be found 
convenient. 

A linear mil O 001 in. 

= 0.0254 millimeter. 

= the area of a oirole 1 linear mil in diameter 
= ^ square mils. 

= j X O 000001 square inch »= 0 7864 X 10“* 

square inch. 


A circular mil 
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Cross-sectional area m 
square inches 


Diameter (of soKd wire) 
in inches 


^ (diameter in inches),* for solid wire 

TT (diameter m linear mils)* . , , 

* 4-1:000-' 

= 0,7854 X 10"® X cross-sectional area in atrcular 
mils, 

=■ 645 1 X eross-sectional area in square milli¬ 
meters. 

= diameter in linear mils X 1,000 


-V 

-V 


^cross-sectional area m circular mils 


1,000 


feross-sectional area in square inches 
0 7854 

0.03937 X diameter in millimeters. 


Cross-sectional area in 
square millimeters 


^ (diameter in milhmeters)* 

= 645.1 X cross-sectional area in square inches. 

cross-sectional area in circular mils 
"" 1,973 

Diameter in millimeters — 25.3997 X diameter m mches 

0.0254 X '\/c^oss-sectional area in circular mils 


4 


'cross-sectional area in square mils 
0 7854 


IKameter of stranded 
wire 


approximately, 15 per cent greater than 
diameter of solid wire of the same cross- 
seotional area. 


Americas! Wire Gauge.—Formerly known as the Browne and 
Sharpe Gauge (B. & S.) but now more generally called the Ameri¬ 
can Wire Gauge (A.W.G.), this gauge or tabiilation of sizes is 
the standard for American manufacturers and users. It is based 
on the formula, 


ZHameter in inches 


0 3249 
1.123*’ 


Cross-sectional area in circular mils 
where 


106,500 
1.261" ’ 


n = gauge number (No. 00 *= — 1, No. 000 = —2, 

No. 0000 = -3). 
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The A.W.G. sizes larger than No. 12 are given in Table XXI. 
It may be noted that the diameter doubles approximately for 
each sixth size (No. 1 has twice the diameter of No, 7) and the 
cross-sectional area therefore doubles for each third size, and is 
multiplied by four for each sixth size (No. 1 has twice the area 
of No. 4 and four times that of No. 7). 


TabI/B XXI.—Diaubtbr awd Cross-sectional Area of A W G. Sizes 

OP Solid Wire 


A.W G 
number 

Cross-sectional area 

Diameter 

Circular 

rmlR 

Square 

inches 

Square 

millimeters 

Inches 

Millimeters 

0000 

211,600 

0 166190 

107 219 

0 4600 

11 683 

000 

167,772 

0 131770 

85 oil 

0 4096 

10 404 

00 

133,079 

0 104520 

67 432 

0 3648 

9 266 

0 

105,625 

0 082968 

53 521 

0 3250 

8 255 

1 

83,694 

0.065733 

42 408 

0 2893 

7 348 

2 

66,358 

0 052117 

33 624 

0 2576 

6 543 

3 

52,624 

0 041331 

26 665 

0 2294 

5.827 

4 

41,738 

0 032781 

21 149 

0 2043 

5 189 

5 

33,088 

0 025987 

16 766 

0 1819 

4.620 

6 

26,244 

0 020612 

13 298 

0 1620 

4.115 

7 

20,822 

0 016354 

10 550 

0 1443 

3.666 

8 

16,512 

0 012969 

8 3666 

0 1285 

3.264 

9 

13,087 

0 010279 

6 6313 

0 1144 

2.906 

10 

10,384 

0 0081553 

5 2614 

0 1019 

2.588 

11 

8,266.5 

0 0064611 

4 1684 

0 0907 

2.304 

12 

6,528.6 

0 0051276 

3 3081 ! 

1 

0 0808 

2 052 


Solid wire is usually not made in sizes larger than No. 0000 and 
for distribution hnes it is usually convenient to use stranded wire 
for sizes larger than No. 2 or thereabouts. 

Table XXII gives similar data for stranded wire includii^ 
the larger sizes. For some of the sizes, two different strandings 
are both quite commonly used and are both given in the table. 
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TiUBiJEi ygTT —Diameter ani> Cross-sbctionai. Asoba of Stranded Wire 


A.W.G. 

number 

Cross-sectional area 

Circular 

mils 

Square 

inches 

Square 

milh- 

meters 


1 ,000,000 

0 785398 

506 660 


750,000 

0 589049 

379 996 


600,000 

0 392699 

253 330 


460,000 

0 353429 

278 663 


400,000 

0 314159 

202 664 


360,000 

0 274889 

227 997 


300,000 

0 235619 

151 998 


250,000 

0 196350 

126 665 

No. 0000 

211,600 

0 166190 

107 219 

No.OOO 

167,772 

0 131770 

85 oil 

No 00 

133,079 

0 104520 

67 432 

No. 0 

105,625 

0 082958 

53 521 

No. 1 

S3,694 

0 065733 

42.408 

No. 2 

66,358 

0 052117 

33.624 

No. 3 

52,624 

0 041331 

26 665 

No. 4 

41,738 

0 032781 

21.149 

No 6 

33,088 

0 025987 

16.766 

No. 6 

26,244 

0 020612 

13 298 


Number of 
strands 
and 

diameter 

Diameter 

Inches 

Milh- 

meters 

61 

X 

0 

128 

1 

15 

29 

210 

61 

X 

0 

111 

0 

998 

25 

350 

37 

X 

0 

116 

0 

813 

20 

650 

37 

X 

0 

110 

0 

.772 

19 

601 

37 

X 

0 

104 

0 

728 

18 

491 

37 

X 

0 

097 

0 

.681 

17 

297 

19 

X 

0 

136 

0 

.678 

17 

221 

37 

X 

0 

090 

0 

630 

16 

002 

19 

X 

0 

.126 

0 

628 

15 

951 

37 

X 

0 

.082 

0 

575 

14 

605 

19 

X 

0 . 

.115 

0 

573 

14 

554 

19 

X 

0 . 

.106 

0 

528 

13 

411 

7 

X 

0 . 

.174 

0 

522 

13 

259 

19 

X 

0 . 

.094 

0 

470 

11 

938 

7 

X 

0 , 

.155 

0 

464 

11 

786 

19 

X 

0 

084 

0 

418 

10 

617 

7 

X 

0 

138 

0 , 

.414 

10 

516 

19 

X 

0 

075 

0 

373 

9 

474 

7 

X 

0 

123 

i 0 

368 

9 

347 

19 

X 

0 

066 

1 0 

332 

8 

433 

7 

X 

0 

109 

0 

328 

8 

331 

7 

X 

0 

097 

0 

292 

7 

417 

7 

X 

0 

087 

0 

260 

6 

604 

7 

X 

0 

077 

0 

232 

5 

893 

7 

X 

0 

069 

0 

207 

5 

258 

7 

X 

0 

061 

0 

184 

4 

574 


Minimum and Maximum Sizes.—^The size of conductor to be 
used on a distribution circuit is usually governed quite largely 
by the electrical load to be transmitted and the allowable 
voltage drop. The requirements for mechanical strength, 
however, place a minimum on the size which it is practicable to 
use. The minimum, of course, depends on the kind of material 
of which the conductor is composed and the loading to which it is 
to be subjected. The Safety Code specified the minimum sizes 
shown in Table XXIII where sags as given elsewhere in the Code 
are used. Provision is made, however, for fhe use of longer 
spans than those given for any size of conductor if proper sags 
and clearances are allowed. 
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The grades of construction referred to are explained in Chap. 
XVI. The type of loading is defined on page 383: 


Table XXIII — Minimum Allowable Conductor Sizes^ 






Wires sizes 






for span 


Kind of wire 

Loading 

district 

Grade of 
construction 

lengths up to 
and including 




150 



Hi 





ft. 





Covered vnres* 








Ck)pper, hard drawn 


Heavy 

A and B 

6 

4 

4 


2 




C 

8 

6 

4 


2 

Copper, medium hard 


Medium 

A 

6 

4 

4 


2 




B 

8 

6 

4 


2 




c 

8 

6 

4 


2 

Copper-covered steel 


Light 

A 

6 

6 

4 


2 




B 

8 

6 

5 


2 




C 

8 

8 

5 


2 

Bare wires: 


Heavy 

A and B 

6 

4 

4 


4 

Copper, hard and 



c 

8 

6 

4 


4 

medium hard 


Medium 

A 

6 

6 

4 


4 




B 

8 

6 

4 


4 




C 

8 

6 

4 


4 

Copper-covered steel 


Light 

A 

6 

6 

e 


4 




B 

8 

6 

6 


4 




C 

8 

8 

6 


4 

Covered or hare wires* 

Heavy 

A 

4 

2 

1 





B 

4 

2 

2 





C 

6 

2 

2 



Copper, soft 


Medium 

A and B 

4 

4 

2 

1 




C 

6 

4 

2 

1 



Light 

A, B, and C 

6 

i 

4 

4 

2 

1 

Stranded aluminum, without 

AH 

A, B, C 

1 

0 

for 

spans 

steel reinforcement. 


and N 


over 150 ft. 

with steel reinforcement 

. 

All 

A, B, C, 

6 

4 

for 

spans 



and N 


over 150 ft. 





Urban 

Rural 

Copper, soft ... 



N 


*6 

*8 

Copper, hard 

. 

. 

N 


*8 

»8 

Copper, medium hard.. 

- 

• 

N 


*8 

»S 


1 National Electrical Safety Code 

< Theae sizes are not recommended for spans over 150 ft in length 
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For service wires carrying 750 volts or less the minimum is 
given as No. 10 for soft-drawn copper, and No 12 for medium- 
hard- or hard-drawn, except where crossmg over supply con¬ 
ductors of over 750 volts or over trolly contact conductors, where 
larger sizes are specified. 

These sizes should be considered as minimums. It is often 
advisable to use larger sizes, even though they are not required 
for conductivity. A little extra mechamcal strength is likely to 
be worth while as insurance against troubles due to broken 
wires. In general, it is believed that in heavy-loading districts 
No 6 should be the minimum for hard or medium-hard copper 
and No. 4 (its equivalent in conductivity) for steel-reinforced 
aluminum. Smaller wires are likely to be damaged in handhng 
to such an extent as to materially impair their strength. Soft- 
drawn copper cannot be recommended for line wires, except 
perhaps in the larger sizes, since its mechanical strength is much 
smaller than hard-drawn or medium-hard-drawn copper and there 
is little compensating advantage in its use. For service wires 
where spans are short, sags relatively large, and joints many, 
soft-drawn copper is a good material. 

A maximum limit of conductor size is also imposed by conven¬ 
ience in handling, erecting, guying, etc. As a rule No. 0000 is 
about as large as can be easily handled in quantity and even for 
that size there is considerable difficulty in gettmg the best 
construction in congested city areas where comers are numerous 
and where possible locations for poles and gU 3 rs are limited. 
Larger sizes are sometimes used, especially in short lengths such 
«s short secondaries or for service wires. The largest which can 
be effectively handled even in thfe way is about 1,000,000 cir. 
mils. It is sometimes more convenient for these large sizes to 
use two wues of smaller £dze rather than one large one. 

Xoadieg.—^The ma ximum loading to which overhead conductors 
a*® aobject ordinarily is due to accumulation of ice, frost, or 
sasow on them «md to wind pressure on them, either with or with¬ 
out aceu mul afiLon. Just what values each of these two 

omnpmients load are likely to reach and in what proportion 
they are likely to be combined at any one time, are extremely 
difficult matters to determine. Certain districts seem to be 
much more subject to ^eet storms than others even in the same 
general locality. In laige cities sleet formation is much less 
hkely to occur, especially in dangerous amounts, than in rural 
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districts. Also, the exposure of hues to wind is extremely varied, 
since trees, hills, buildings, etc. make more or less effective shields 
against the imposure of the full pressure which a wind might create 
in open country. Very heavy ice formation without much 
wind has been experienced in many cases and also veiy strong 
winds are quite hkely to occur in warm weather, with no ice for¬ 
mation possible. The probability of the simultaneous occurrence 
of both types of loading in any particular degree of seventy is a 
question which has not as yet been fully studied. The Safety 
Code defines three conditions of loading, heavy, niedtum, and 



light and divides the country into three areas in which these 
loadings are intended to be applied as shown on Kg. 227. These 
loadings are defined as: 

Heavy loading .. . M ia. radial thickness of ice, 8 lb. per square foot 

of wind on the iee-covered wires (projected 
area), O^F. 

Medium loadmg. in radial thickness of ice, 8 lb. per square foot 

of wind on the ice-covered wires (projected area). 

Light loadmg. . No ice, 12 lb. per square foot of wind on the wires 

(projected area), +30“F. 

It is probable that this classification is as good a one as can be 
made at this time for general purposes and until some more 
definite data than is now available can be collected. Such 
data is being gathered by the Overhead Systems Committee of 
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the National Electric light Association and when assembled may- 
lead to some re-vision m present ideas of probable loading. It 
must be recogmzed m any event that there may be many excep¬ 
tions to any general rules such as the occurrence of heavy-loading 
districts in light-loading territory, etc. 

Ice loading may occur in several different forms. The most 
common is sleet, which is the formation of solid ice on the -wire 
by the freezing of moisture which is falling as rain. Another 
type is frost which in its troublesome form is of much less common 


(a) V’erfical Looiding (b) Horizontal Loading 


Ice^ Viind 



Coventry or 
insulanon 



Fig. 228 —^Loading on, wires. 

occurrence than sleet. It collects on the wire in a loosely packed 
mass of less weight per unit thickness than sleet but of much 
larger diame-ter. A third type is wet snow which, under certain 
conditions, may clmg -to -wires, building up -to a comparatively 
large diameter, ^nce sleet is the most common form and the 
one whose clukxactetistics are best kno-wn, it is generally used as 
■the basis for computation. The weight of sleet formation is 
assumed to be the same as ice, i.e., 57 lb. per cubic foot. 

The vertical load on a conductor consists, therefore, of: 
w =* weight of conductor. 

4- weight of covering or insulator 
+ weight of ice, 
see Fig. 226 (a). 

Weight of ice = J[(d + 2<)* - = 1.243(d« + lb. per 

foot length (80) 

where 

d == diameter of wire and covering in inches. 
t = thickness of ice in inches, assuming symmetncal fo 3 rmation. 
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Xlie horizonicJ, load on th.e conductor consists of the wind 
pressure per square foot multiplied by the projected area of the 
conductor with its covering of ice, if any, see Fig. 228 ( 5 ). 

Wind pressure = p — X / lb. per foot length (81) 

where 

/ = the assumed unit wind pressure per square 
foot. 

Wind pressure depends on its velocity and may be computed 
by the formula 

'/ = 0 . 0025^2 ( 82 ) 

where 

V = actual velocity in miles per hour. 

It is evident that an 8 -lb per-square-foot pressure corresponds 
approximately with a velocity of 60 miles per hour and a 12 -lb. 
pressure with 70 miles per hour. 

If 

/ = 8 lb. per square foot, 
wind pressure = p = + 20 . 

The resuUard load on the wire is the vector sum of the vertical 
and horizontal components and acts at an angle to the vertical, 
whose size depends on the relative sizes of the two components, 
see Fig. 228 (c). 

W — -v/p^ + (83) 

a. ~ tan-^—. (84) 


Bxample.—No. 0 stranded, tiiple-braid weatheiproof wire. 

Heavy-loading district. 

Weight of bare conductor — 0.326 lb. per foot 

Weight of weatherproof covering = O 098 lb. per foot. 

Weight of wire and covering = O 424 lb. per foot 
Diameter of wire and covering — 0.605 in. 

Weight of in. radial thickness of ice — 1.243 (0 605 X 
14 4 . = 0.687 lb. per foot. 

Total weight of wire and ice =* tp 5 = 1.111 lb. per foot. 
Horizontal wind pressure at 8 Ib. per square foot 
= (0-605 + 1.0) 1.070 lb. per fo ot. 

Resultant loading = -v/l.OTO* 4 - 1,111* « 1.542 lb. per foot. 

Angle of resultant to vertical = ot = tan“ ^ 1.111 
« tan”* 0 963 « 43 deg. 55 mm., approximately. 
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Tables XXIV to XXXIII inclusive give wire loadings for various 
kinds of wire and the three degrees of loading of the Safety Code. 

Short Spans.—Where spans are comparatively short, and 
especially with high strength conductors, the sags computed on 
the basis of reaching the elastic hmit of the material under maxi¬ 
mum loading may be so small that the wire is likely to be easily 
overstressed by small movements of the pole top under wind, 
etc. For such cases an increase in sag from that theoretically 
determined is practically advisable to prevent such overstressing. 

Vibration Loading.—There is another form of loading to which 
wires in spans are subjected and about which there is, to date, 
little data available. Under certain conditions, wind will cause 
the wires to vibrate up and down in a vertical plane (or nearly so). 
This vibration is of a harmonic nature, seeming to be related m 
some way to the natural period of vibration of the span. The 
whole span may vibrate as a unit or it may be divided into 
two or more sections, each vibratmg, with points of no motion 
between. The vibrations sometimes reach considerable ampli¬ 
tude, of the order of 2 or 3 ft. or more, and it is evident that the 
stresses thus imposed on the conductors may be considerable. 
This phenomenon has as yet not been studied sufficiently to 
enable any definite laws to be established regarding its occurrence. 
(Cases of its occurrence are relatively rare.) It usually happens 
when there is some ice load on the wire, but not necessarily with 
very heavy ice or very heavy wind. It is mentioned here as a 
matter of interest, but nothing further can be said at this timpi as 
to how it may be foreseen or prevented. 

Strength of Conductors.—The ultimate strengths of various 
conductors are given in Tables XXIV to XXXIII, inclusive. 
The Safety Code stipulates that conductors shall be given such 
^gs that, under the assumed worst loading, the stress will not 
mcceed SO per cent of the breaking strength for Grades A and B 
ooeEBdru^kHi and 60 per cent for Grade C- These jiercentages of 
t|s6 br eaking strength give approximately the elastic limit where 
ooi^r wire is used. The rule is based on the fact that if the 
as^nned maximum load is such that the elastic limit will be 
exoeeded, the ccmduetor, if subjected to such loading, will be 
given a permanent elon^ttion. This not only will require the 
excess to be pulled up when normal conditions are resumed, 
but causes a reduction in effective eross-sectional area of the 
conductor. It is only 9 , re as onable precaution, no matter what 
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1 Data as given by Copperwdd Steel Company for Copperweid wire. 
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the grade of construction, to give the conductors sufficient sag 
so^that their elastic hmit will not be exceeded under such heavy 
loadings as will probably be encountered. Local conditions will 
determine what such loadings may be. The use of the 50 and 
60 per cent hmits applied to high-strength conductors such as 
steel-reinforced aluminum may be somewhat too restrictive, 
since the elastic limit of the particular material is given as about 
70 per cent of the ultimate. The rated elastic limit should be a 
safe limit to use for such conductors w'here a lower figure is not 
required for legal restrictions of codes or regulations. Table 
XX gives approximate figures for elastic limits of some of these 
materials and the manufacturer's figures for elastic limit of A.C. S. 
R. are given in Table XXXI. 

Sags.—Since in a given span the tension in a conductor is 
practically in inverse proportion to its sag, it is evident that the 
determination of proper sags and the corresponding tensions is 
th.e fundamental problem in mechanical design of Imes. There 
may be some confusion in the use of the term “sag” which should 
be clarified. Strictly speaking the term sag should probably be 
apphed only to the vertical component of the deflection of the 
conductor from a straight line connecting its two supports, and 
when those supports are on the same level. Where wmd loading 
is a factor, the deflection is at an angle to the vertical and hence 
should be termed “dejiectton’* rather than sag. Such deflection 
is quite often called sag, however, and usually little confusion 
IS caused, since the true component sag is not often considered 
separately. When the two supports are not at the same level, 
there is some question as to what line should be used as basis for 
measuring deflection, i.e., whether it should be a horizontal 
line through the lower support, a similar line through the upper 
support, or a line connecting the two supports (see Fig. 234). 
For the purpose here it will be satisfactory to consider the 
deflection as measured from a horizontal bne through the upper 
support. 

As well as being of major importance in the study of conductor 
tensions, sag also has a bearing on two other problems, i.e., 
clearance above groimd (or obstructions crossed, such as trees 
or buildings) and spacing between conductors. It is apparent, 
of course, that where clearance aboveground or obstructions is 
limited, sags will also be limited where the height of the support 
is fixed. The sag, either at high temperatures or under heavy- 



398 


ELECTRICAL DISTRIBUTION ENGINEERING 


loading conditions, is the important consideration in this case 
rather than the sag at 60“F. or other intermediate conditions. 
Where clearances are specified in the Safety Code, they usually 
apply to sags taken at fiO^F. with no wind, but where the clearance 
is limited by physical conditions, such as when passing over a 
building, the extreme cases of loading as stated must be taken 
into account. 

The importance of sag as a limiting factor in the allowable 
horizontal spacing between conductors is due, fundamentally, 
to the possibihty of conductors whipping together when acted 
upon by wind. The minimum separations are given in the 
Safety Code by the following formulse 

For line conductors smaller than No. 2 A.W.G., _ 

minimum separation = 0.3 in. per kilovolt + 7.^^ — 8. (85) 
For line conductors No. 2 A.W.G. or larger, 

m inimum separation = 0.3 in. per kilovolt -j- (86) 

Where S — the apparent sag of the conductor having the 
greater sag, and the separation is in inches. 


Example.—Number 4 conductors at 6,600 volts and a sag of 36 m. should 

/30 

be separated at least 0.3 X 6 6 + 7.^ — -8 = 1.98 -f- 14 =» 16 m 


The above formulse axe chiefly applicable to the larger sags 
(36 in. or more) since below that amount they give spacings which 
sue too small to be practicable. In fact, the Safety Code speci¬ 
fies a minimum of 12 in. for supply conductors from O-to 7,600 
volts. The determination of practicable relations between sags, 
vcfltages, and separations is largely a matter of experience, since 
the above minimums are, of coume, often smaller than will be 
fou3ti(d practicable for good operating conditions. 

Bag Ootnjmtixtions .—In computing sags and tensions in con- 
'tibte wire is ordinarily assumed to be perfectly flexible 
and tibe loading to be uniformly applied over the whole length. 
H load on sudb a wire is of uniform value per unit length of 
wars. Use w£re will assume the shape of a catenary. This is the 
assmaopdon. used for the more accurate computations. It is 
not mitjre^ accurate, of course, since the wire is not perfectly 
flexible but it is as aneurate as is nec^sary for any practicable 
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purpose If the load is assumed to be of uniform value per umt 
length of span, the shape assumed by the wire will be a parabola 
For distribution lines, the spans are usually comparatively short 
and the sags correspondingly small, hence little error is intro¬ 
duced if the load is assumed to be uniformly distributed over the 
length of the span rather than the length of the wire. The para¬ 
bolic method will be found useful for some purposes as the 
formulse are simpler. It might be pointed out that, for distri¬ 
bution lines, the necessity of strictly accurate computations is 
nowhere near as great as it is with long span transmission hnes. 
Usually, comparatively rough methods are used for determimi^ 
sags in the field, insulator ties allow considerable creepage of 
the wire, adjusting differences in adjacent spans. These and 
other similar factors make great accuracy of computation of 
little value. The sags specified for field use should be as simple 
and workable” as possible and yet be as near as practicable to 
theoretically correct amounts. 

Parabolic Formula.—The simple parabolic formula giving the 
relation between sag, tension, and span is as follows: 


where 


d = 


wjj^ 

8T " 


d = deflection in feet in plane of the resultant load. 
Wi — resultant load in pounds per foot. 

L = span in feet. 

T = tension in the wire m pounds. 


(87) 


For long spans the above is not accurate as to the value of T 
since T really represents the horizontal componeni of the maximum 
tension in the wire and where the span is long and the sag large 
the horizontal component, 

H = \/T^ - ( 88 ) 


where JCi — H the length of the wire in the span but may be 
t.g.TrPiTi as approximately equal to one-half the span. The maxi¬ 
mum tension T is at the point of support where the conductor 
is at an an^e to the horizontal whose tangent is wiXi/H. 

The length of the wire in the span is given by the formula 

Z = L-h~ (89) 
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These formulse as given are useful only when dealing with one 
specific condition of loading and temperature. They do not 
provide for the determination of sags and tensions if loading or 
temperature changes from one value to another. If the tempera¬ 
ture rises, for example, the wire expands and increases in length. 
This increase in length results in an increase in sag which in turn 
reduces the tension in the wire. If the tension is lessened, the 
elongation of the wire due to tension is also lessened and hence 
the sag decreased. If the loading on the wire is increased, the 
tension is increased and hence the elongation increased. This 
increases the sag which in turn decreases the tension. The com¬ 
posite effect of such changes as these is not a simple matter to 
determine. Under the ''Catenary Method” an accurate means of 
determining this is described. With the parabolic method an 
approximate computation as given below will ordinarily be 
sufficient.^ 

1. Compute length of wire I as shown above for the original condition 
for which the sag and tension are known. 

2. Compute the elongation due to the assumed mcrease m temperature 
from the formula, 

Mongation = Z cc (90) 

where 

« temperature coefficient of expansion (see Table XIX). 
t = increase in temperature from that ongmally assumed. 

3. Assume a tension for the final condition and compute the change m 
length duetto change in tension. 

m m 

Change in length « — —% (91) 

where 

T\ — original t^aision. 

STa * final assumed tension. 
a = cross-sectional area. 

— modiilus of elasticity. 

4. Add the results of (2) and (3) algebraically to the length determmed 
in (IJ and determine the corresponding tension from the paiuboUo formula 
^ven above* If this checks with the result is correct, if not, a second 
appio^dmation should be made in (3), 

Catenary Bdetihod*—Tlie catexmry formulse giving the relation 
between sag, tendon, loading and span are as follows (see Fig. 
229): 

* “Overhead Systems Beference Book,” p. 324 
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Let 

»! = M the span length = 

Wi = loading m pounds per foot of wire. 


C/ 51 _^\ 


C cosh 




Deflection — d— Y — C‘C=Y—d 
Length = 1 = = 2(7 sinh 


Maximum tension = T — wiY-,Y = 

Horizontal tension = H = wiC. 

T "4“ H 

Average tension = —- 

{fi = 2.7183) 


W\ 


(92) 

(93) 

(94) 

(95) 

(96) 

(97) 


These give the relations for a single condition of loading and 
temperature. The most common problems in the study of sags 



Fig 229.—Catenaxy. 


require the determination of what the sag and tension will become 
when the loading and temperature have changed somewhat from 
those originally assumed. For example, for a given conductor 
the maximum allowable tension T may be known and it is desired 
that this be not exceeded under the heaviest probable loading 
conditions. In heavy-loading territory, these conditions are 
usually assumed to be M ui- radial thickness of ice, 8 lb. per 
square foot wind pressure, and 0®F. temi>erature. The deflection 
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d corresponding to this loading is readily determined from the 
above formulae However, it will also be necessary to find out at 
what sag and tension the conductor must be installed in order to 
reach the proper sag when loaded, installation conditions being 
with no ice or wind loading and probably at a higher temperature. 

In rnaking such a determination it is necessary to remember 
two fimdamentals: 

1. The wire is an elastic material and hence varies in length 
with the tension. If the tension is increased, the length is also 
increased. For homogeneous materials such as copper or steel 
this increase is practically in direct proportion to the tension up 
to its elastic limit as was explained previously in this chapter. 
The proportion is expressed by the modulus of elasticity. 

™ .. . 1 ., stress in pounds per square inch 

Elongation per umt length =- — -- - - 

For composite materials such as steel-reinforced aluminum the 
relation is not so simple. 

2. The wire varies in length with the temperature, increasing 
practically in direct proportion to the rise in temperature if of 
homogeneous material such as copper. 

It = lo(l + od), 

where 

la » initial length. 

It = length at temperature above initial temperature. 
a — temperature coefiBcient of linear expansion. 

A graphical method of arriving at the solution of the combined 
effect of the various forces acting on the wire was described by 
Percy H. Thomas^ and is called the "Thomas chart." Other 
methods of reaching similar results by computation have been 
also brought out and are probably more accurate for long spans 
to tibe limitations of graphical solution, but for distribution 
Jtaes the Umonae chart will be fovmd convenient and sufficiently 
aociU’afce fmr practical purposes. The theory of the chart and its 
use ae follows: 

I. 1 ft., long is assumed with supports on the same level. 

Tim <4. the wire (including any loading it naay have) is 

assuBsed to be I lb. per foot of length. Using the catenary for- 

^Proe, AXMM., V<A XXX, p. 1131, 1911. 
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mula, the deflection and length of the wire are computed for 
various maximum tensions in the wire and plotted as shown in 
Fig. 230. 

In order to make this curve applicable to spans of any length 
and any amount of loading the ordinates, instead of representing 
merely the tension in the 1-ft. span, with unit loading, may be 
considered as representing a stress factor equal to the maximum 
tension in the span used, divided by the length of span and by 
the loading in pounds per foot. The curves may be shown to be 
mathematically correct for this assumption. 

T 

Stress factor = —jr- 



Using the same symbols as given previously, the deflections and 
lengths are given as deflections and length per foot of span and 
total values are obtamed by multiplying by span length. 

Table XXXI V gives the figures used in plotting this chart. 

This chart then will give the deflection and length of the wire 
in any given span for any condition where the maximum tension 
is assumed and the loading is known—^the same as may be 
obtained from the fimdamental catenary formulae given above 
or approximately from the parabolic formula. 

2. The ftlaatir! curve of the wire may be plotted on a chart of 
coordinates. This curve is assumed to be a straight 
line up to the elastic limit of the material. If, for example on 



404 ELECTRICAL DISTRIBUTION ENGINEERING 


Tables XXXIV. —Data fob Plotting Thomas’ Chabt 


Stress factor 

Sag m feet 
per foot span 

Jjength 
per foot span 

0 3965 

0 18226 

1 083691 

0 9879 

0 15455 

1 061089 

1 0501 

0 14100 

1 061185 

1 1276 

0 12763 

1 042191 

1 2255 

0 11441 

1 034093 

1 3513 

0 10134 

1.026881 

1 6170 

0 08840 

1 020542 

1 7422 

0 07556 

1 015068 

2 0628 

0 06283 

1.010444 

2 5502 

0 05017 

1.006680 

3 3709 

0.03757 

1 003764 

4 1967 

0 03004 

1 002402 

4 6730 

0 02753 

1 002017 

5 0250 I 

0 02502 

1 001668 

6 5781 

0 02252 

1 001351 

6 2700 

0 02001 

1 001066 

7 1604 

0 01751 

1 000817 

8 3483 

0 01500 

1 000699 

10 0125 

0 01250 

1 000417 

12 5100 

0 01000 

1 000266 

16 6742 

0 00730 

1 000150 

20 0063 

0.00625 

1 000104 

25 0050 

0.00500 

1 0000667 

28 5758 

0.00438 

1 0000611 

33 3371 

0 00375 

1 0000372 

40 0031 

0 00313 

1 0000261 

50 0025 

0.00260 

1 0000167 

52 6339 

0 00238 

1.0000151 

55 5578 

0 00225 

1 0000136 

58.8257 

0 00212 

1 0000118 

62 5020 

0 00200 

1 0000107 

66 6685 

0 00188 

1 0000094 

71,4303 

0,00175 

1 0000082 

76 9247 

0 00162 

1 0000071 

83 3348 

0 00150 

1.0000061 

90.9105 

0 00138 

1 0000051 

100.0013 

0 00125 

1 0000042 
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Fig. 231, the tension, is such that the length is li ft. when the 
wire is stressed, if the stress is removed the wire will shorten 
to an imstressed length of 


Zo 



tja 

E y 


(98) 


The hne m is the elastic curve of the wire, representing the 
elongation as the stress increases. 

If now, the ordinates are assumed to be in terms of stress 
factor or T/wiLi, the line represents the elastic curve of the wire 
corresponding to the loading That is, for a given span and 
a given loading wi, the line describes the increase in length of 
wire per foot of span, as the maximum tension T increases. 



If the load is changed to some other amount, lb. per foot, the 
elastic curve corresponding to the new loadii^ will be a different 
line. Assuming, for example, that wt = If the same 

stress factor is used as before, the tension Tz must be one-half 
as much as it was with wi, since the stress factor = Ti/wiLi = 
Tzfv}zfj%- The increase in length from Zq to V when Tz is applied 
will be one-half the increase to 1% when Tx was applied. There¬ 
fore, the second line n represents the elastic curve of the wire 
corresponding to the load wz- 

3. The length curve on Pig. 230 ^ves, for any stress factor, 
the length of the wire due to its being himg up in a catenary 
shape in the span. The elastic curves on Fig. 231 give, for any 
stress factor, the length of the wire due to the tension in it. 
The point where these two curves intersect, if plotted on the 
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same chart, see k, Fig. 232, is the only point where the length 
of the given wire in the span corresponds to the stressed length 
of the same wire under the same tension. That is, for any less 
tension, the natural stressed length of the wire would be shorter, 
while the length of the wire in the span would be longer in order 
to make up for the increased sag corresponding to that tension. 
For increased tension the reverse would be true. The inter¬ 
section is the only point which satisfies both conditions. 



Pio 232.—Thomas chart. 


It is apparent, therefore, that if for Wi and the stress factor 
assumed, '^e length is h and the corresponding unstressed length 
is lo, if the loadio^ is changed to to*, the only i>oint for which 
■^e Imigth will satisfy both the span curve and the elastic curve 
wSH be at the intersection of the elastic curve for toa, n, with 
span curve at the point r. The abscissa of this point, Z®, 
tbearefore, the length of the wire when the loading has 
changed from wi to w^. 

•Hbe ordinate of the point r is the corresponding stress factor 
and fi^m it may be obtained the tension in the wire for the new 
locMteeg. 

Ti — waL X Strei^ Factor. 

The ootresponding sag St is obtained from the sag curve with 
the same stress fact(^. 
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By the above method, therefore, it is possible to start with 
any assumed loading and tension, such as the maximum allow¬ 
able tension with ice and wmd loading, determine the sag and 
length of the wire at that loading, and proceed therefrom to any 
other loading wz, such as the weight of the wire without wind or 
ice, determining the sag and tension under those conditions. 

4. If the temperature changes, the unstressed length 2o will 
change. Assume the temperature rises from that for which 
the elastic curve in Fig 231 was determined. The unstressed 
length will change from lo to I". 

1" = 2o(l + od). (99) 

If the loading remains the same, the elastic curve will be a 
line n' parallel to n, passing through V‘. Transferring this to 
Fig. 232, the point q where n' intersects the span curve deter¬ 
mines the length, tension, and sag for the new temperature. 
This operation may be similarly carried out for any desired 
temperature and loading. 

This is a detailed explanation of the theory imderlying the 
Thomas chart. Brief directions for using the chart will now be 
given. Table XXXIV gives values from which the clmrt may 
be plotted. On account of the great variety of problems met 
with in practice, it is usually necessary, in using the chart 
extensively, to plot it to several different scales (both horizontal 
and vertical) and on as large a scale as convenient, leaving 
space to the left of the origin for lengths leas than 1, which are 
often encountered. Figure 233 shows the chart in one form 
and an example is carried through the instructions given and 
indicated on the chart. 

Use of 'niomas’ Chart.—Instructions and example will be 
given, starting with heavy loading and low temperature and 
passii^ to hghter loading and higher temperature. The prin¬ 
ciples given can be easily followed in reverse direction, however, 
if well understood. 

1. Assume the span, size of conductor, maximum assumed loading, and 
maximum allowable tension at that loading are known. The stress factor 
is then ooixuputed, stress factor » T/wiD. 

Bzamide.—150 ft., span, No. 0 T.B. weatherproof, copper, medium 
hard drawn. 


Maximum tension 


. . 1,600 Ih. 
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Load per foot with in ice, 8 lb. wmd, 

toi — 1 542. 

Stress factor = 1 . 54^^ -1 50 = 6-92 

From the chart, sag = 0.0182 per foot span, ... X 160 « 2.73 ft total. 



Length = 1.00088 per foot span, ... X 150 — 150.132 ft. total. 
2 . Compute the unstressed length from the length found, using the 
formula, 

'• - - S)' 

Draw the elastic curve for wu 


( 98 ) 
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Example.— E = 14 X 10* 
a = 0 0829 

U = 1 00088(l - 0 ^^^ io« ) = 1-00088(1 - 0 00138) 

= 0.99960 per foot span. 

3 For any other desired loading, such as that due to the weight of the 
wire only, compute the length for the same stress factor as used for iri, the 

W 2 

tensions bemg Z' = 4- — (3i — Zo) 

Locate the intersection of the ordinate through Z' and the stress factor 
abscissa used in (1), and through that point and Zo draw the elastic cur\'’e 
for loading W 2 - 

Example.— W 2 — 0 424 

= 0 99960 + 00088 - 0 99950) 

= 0.99950 + 0 00038 = 0.99988 per foot span 

4 Where this line intersects the length curve is the point whose ordinate 
IS the stress factor for the new loading condition and whose abscissa is the 
length for that condition. 

Example.—Z 2 = 1.00023. 

Stress factor for W 2 = 13.36. 

Tension = stress factor X t 02 X L = 13.35 X 0.424 X 150 — 850 lb. 
Sag = 0 0094 per foot span == 1 41 ft total 

5- For a higher temperature condition, the loading remaining compute 
the increased unstressed length Z" from the formula 

Z" = Zo(l 4- «0. (99) 

Locate Z" on the base line and draw the elastic curve for that temperature 
through it, parallel to the elastic curve for through Zo, as determined 
in (3). Where this mtersects the length curve is the pomt whose ordinate 
IS the stress factor for that temperature and loadmg and from which the 
tension and sag may be determined 

Example.—^Assume the original temperature 0°F. 

Temperature coefficient, ot =* 9.5 X 10"®. 

For 30®F., the unstressed length will be 

Zso = Zo(l 4- 30«) -= 0,99950(1 4* 0.000285) = 0.999785. 

Stress factor for SC^F. = 10.62. 

Tw « 676 lb 

Sagao = 0.0118 X 150 = 1.77 ft 

For 60*^F., 

Zeo * 1.000070. 

Stress factors© ~ 8.67. 

Sags© = 0.0146 X 150 = 2.18 feet. 

For 90®F., 

Zso = 1.000354. 

Stress factors© = 7.42, 

Sags© = 0-0169 X 150 « 2 64 ft. 
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This method is apphcable to any type of conductor whose elastic curve 
approximates a straight hne for the range of values bemg used The general 
theory may be also apphed, with some variations, to other materials, such 
as steel-reinforced alummum as will be described later. 

Supports at Different Elevations.—When the supports of the 
span are at different elevations, the low point of the span will 
of course occur at a point between the center of span and the 
lower support Under certain conditions, the low point might 
fall beyond the lower support, that is, there will be an uplift 
at that support. This is to be avoided. As the loading and 
temperature changes, the low point will move horizontally along 


Z 



the span and it is a somewhat difficult problem to compute for 
this accurately. For distribution spans it will usually be 
sufficiently accurate to assume that this point remains fixed. 
The sags and tensions are then obtained assuming a half-span 
between that point and the upper support (the sag or deflection 
beii^ measured from a horizontal line through the upper support). 
The location of the low point may be approximated from the 
foimulsB 


L , hT 
2^ 


( 100 ) 


or 


Xi 



•y/d _ 

— A + y/d 


( 101 ) 


where h *= ihe difference in elevation of the two supports, 

a;i *= the horizontal distance of the low point from the 
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upper support. In solving the problem after zi is determined, 
the length of span when used must be 2xi and not L. 

For practical purposes, in sa gg ing-in the conductor in the 
field, it is sometimes convenient to determine the sag as the 
vertical deflection from a line through the pomts of supports, 
di, Fig. 234. This may be closely approximated by computing 
the sag as if the supports were on the same elevation and the 
span lengths were L. 

Sags for A.C.S.R.—method of determining sa^ for steel- 
reinforced aluminum has been brought out by Theodore Varney 
of the Aluminum Company of America. In fundamental prin¬ 
ciple it is similar to the Thomas method with the exception that 
allowance is made for the fact that the elastic curve is not a 
straight line. The elastic curve is determined by actual test 
for any size of conductor and this applied in obtaining sags at 
various loadiz^s and temperatures, the composite temperature 
characteristic of the material also bemg recognized. The method 
cannot be given in great detail here. In fact, for complete com¬ 
putation, the elastic curves of all the sizes of wires used must 
be known. These can be approximated for preliminary calcular- 
tion if desired, however, from the known characteristics of the 
component materials and the projicrtion of each used. The 
method is, briefly, as follows: 

1. The elastic curve of the wire to be used is obtained by test 
for stresses up to the “working limit” (about 70 per cent of the 
ultimate strength) and for some given temperature such as 60“F. 
This is plotted as shown in Fig. 23S (a). This is done on trans¬ 
parent paper. The elastic curves of the steel and aluminum 
components are also obtained by test, their ordinates summing 
up to that for the whole wire at any elongation. The curves 
give the elongations for both initial stress on the cable and also 
when that stress is released. For subsequent stressing, the 
curve is assumed to follow the same path as when initial stress 
was released. If the wire is stressed only to the point a, similar 
return curves may be made up, the curves for the individual 
materials drawn from a' and a" being parallel to those from 
the ^‘working limit,^^ For the composite wire, the curve is 
obtained from the sum of the ordinates of the aliiminuTn curve 
and the steel curve. 

2. The curves on Fig. 235 (a) are converted to any other desired 
temperature such as 0®F., by computing and applying the 
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Fia. 235 —Sag charts for A C S R. <a), elastic curves—combined cable, GO® F ; 
(&), elastic curves—combmed cable, 0® F., (c>, A,C.S.R.—span chart; (d), com¬ 
bination of elastic curves and span chart, O® F.; («), combination of elastic curves 
and span chart, 60® F 


reduction in length of each component, steel and aluminum, 
separately, drawing their individual curves, then obtaining the 
combmed curve for the wire as a whole by adding these component 
curves together. Figure 235 (6) shows this operation. It 
should be plotted on transparent pap>er. 

3. The span curves for the wire in question and for the partic¬ 
ular span being studied are plotted from the catenary formulse 
for several different loadings such as for bare wire, for in. ice 
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and 8 lb. wind, for in. ice and no wind, etc. The coordinates 
used are pounds per sguare-dnch tension and elongation of the 
arc length in percentage of span length, the same scale being used 
as in the elastic-curve charts. Figure 236 (c) illustrates this 
curve. It gives corresponding tensions, sags, and elongations 
m the wire in the catenary span for the different loadings. 

4. Assume for example that a maximum stress in pounds per 
square inch is established for the wire. It is desired that this 
be not exceeded at 0°F. and loading of M iJi- ice, 8 lb. wind. 
The elaustic curves for 0®F., Fig. 236 (6), are placed over the span 
cmrves. Fig. 236 (c), with their base Imes coinciding, and the 
chart is moved horizontally imtil the elastic curve for the wire 
crosses the span curve for the bi. ice, 8 lb. wind, loading at 
the ordinate equal to the assumed tension (the point a. Fig. 
236 (d)). The intersection of the ordinate through this point 
with the sag curve “c” gives the sag in the span for this condition. 

Elastic curves for released stress are drawn for this point a 
in the manner indicated on Fig. 236 (a). If it is desired to obtain 
the tension for bare wire (at C’F.) this is given by the ordmate 
of the point 6 where this curve intersects the span curve 
for bare wire. The ordinate through this point intersects the 
sag curve at the point d from which the sag for this condition 
is obtained. 

5. To obtain the sag and tension at 60®F., the curves of Fig. 
235 (a) are used. This is placed over the span-curve chart. 
Fig. 236 (c), with its origin coinciding with that of the 0®F. 
chart. Fig. ^6 (6), as located in (4) above. The intersection 
of the elastic curve of the cable wiiii the span curve for bare wire 
is a point e whose ordinate is the tension for that temperature 
and through which an ordinate intersecting with the sag curve 
l^ves the sag, see Fig. 235 (c). 

6. If the wire has not been stressed by heavy loading, the curve 
of initial stress instead of subsequent stress after loading should 
be used. This will give the intersection at the point f from which 
s^g and tension can be obtained. These will be quite a little 
dlfierent frcsn the values aStev the wire has been stressed and 
released. 

Sag Tabl^.—^It is not within ibe province of this book to give 
otHnjdete tables of sags and tension for the various sizes and kinds 
of wires issed as eos^uetors. Such tables may be found in the 
National Electrical Safety Oode and elsewhere. The “ Overhead 
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System Reference book”^ gives a number of charts indicatmg 
sags. 

A short table is given, however, illustrative of a practical sag 
table which has been used for construction of distribution lines on 
a certain system in heavy-loading territory. Where various 
sizes of wires are used together, it is preferable to give them about 
the same amount of sag if practicable. Hence, the sags in this 
table were qhosen so that the smaller wires would not be gv&t- 
stressed, the sags for larger wires being greater than would be nec¬ 
essary if they were used alone. It is applied to all sizes of 
medium-hard copper, T.B.W.P., under all grades of construction, 
except No. 6 under Grades A and B (Safety Code), for which 
the sag must be increased. 

Table XXXV.— Sag, in Inches in Center of Span 
Medittm-Hard-drawn Coppesr Wire T B W.P. 


Temperature (Fahrenheit) 


Span, feet 

0*^ 

20® 

40® 

60® 

80* 

100® 

76 

4 

i 

4 

4 

5 

7 

8 

100 

6 

7 

10 

12 

15 

17 

125 

9 

12 

15 

IS 

21 

24 

160 

17 

20 

24 

27 

30 

33 

175 

25 . 

29 1 

33 

36 

39 

43 


Splices and Taps.—Any joints made in conductors, either in 
splicing two ends together or in tapping one off the other, should, 
for best results, be of such a nature that no additional resistance 
is mtroduced into the circuit. In addition they should be perma¬ 
nent, i.e., not subject to damage by corrosion or by the mechanical 
stresses or movements to which the conductors are subject. 
For splices, mechanical strength is a feature of major importance, 
and should be practically as great as that of the conductor itself. 

Several ordinary types of splices are shown in Fig. 236. The 
sleeve splice is quite generally used for medium-hard and hard- 
drawn wir^, since it is mechs^cally strong and does not require 
soldering wMch is likely to anneal and weaken such mateiiala 
It is also used for aluminum and A.C.S.R. conductors, since 
these cannot be successfully soldered on the field. The sizes 
for which the sleeve can be used is limited to about No. 0000. 
iN.ELA. 
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For larger sizes of copper, the stranded-wire splice shown is used; 
for aluminum, special joints are provided. The solid-wire 
sphce IS generally used for soft-drawn conductors and should be 
soldered to increase conductivity and prevent corrosion. 

For taps, conductivity is the main requirement, large mechan¬ 
ical strength being not necessary in most cases. Several types of 
taps are shown in Fig. 237. The served tap is probably the 
commonest for copper wire. The wrapped tap is suitable for the 
larger sizes or very stiff wires which cannot be readily served. 

(a) Solid Wir% Splico4obe&olcilereol 



(b) Sleeve, Splice-Copper 




(c) Sleeve Splioe-ACSJ?. 



(d) Stranded Wire Splice 


!Fici. 236.—Splices. 


The stranded-wire tap is for the large sizes of stranded wire. 
All of these should be soldered. Taps where aluminum wire is 
concerned must be made with some form of clamp. One with 
two or three bolts is to be preferred to a one-bolt clamp as a rule. 
For use, where the tap involves one aluminum and one copper wire, 
aluminum clamps with copper bushings are available. Similar 
clamps of bronze or copper are sometimes used for copper-to- 
copper taje. 

Small clamps or so-called “solderless connectors" are used to 
some extent for tapping off service wires from secondary mains. 
They are <daimed to reduce cost by eliminating the soldering. 
Some care must be used in selecting such a connector to obtain 
one which will not itself corrode in a few years, "will maintain 
the joint ti^t, and of low resistance after several years of vibra- 
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tion, etc., and which is of such a shape and size as can be readily 
handled and installed- Several types are available but they have 
not as yet come into general use 

On covered or insulated wire, the splice or tap is usually covered 
or insulated m such a way as to make the covering at that point 



(a) Served Tap- Solid Wirc-to be Soldered 



(b) Wrapped Tap - Solid Wirc-to be Soldered 



(c) Stranded Wi re Toip4o be Soldered 



(d) Parallel Groove Clamp "Tap -fACSP> 


Fig, 237-—Taps- 


equivalent to that of the rest of the wire. Friction tape is 
commonly used on weatherproof wire. On insulated wire, 
rubber tape should be applied as an insulation, covered with 
friction tape. 

Ties.—Ties for attaching conductors to their insulators should 
be mechanically strong enough to prevent the conductor being 
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pvilled off the insulator under sti^ss but should, at the same time, 
have some flexibility. For poles where no dead-end stress is to 
be carried, it is sometimes preferable that the tie be such that the 
wire will shp through somewhat under unusual stress, such as a 
broken wire on one side, rather than breaking the pin. 



(a) N E.L.A.Top Groove Tie Line Diagram 



(c) TieforACSR (Bare) Line Diagram 



W) N E L A. 6ide Groove Tie Line D/agratn 



For bi^re copper wire, bare soft-drawn copper is suitable for tie 
wire. For weatberproof wire, weatherproof tie wires are generally 
best. For aluminuTn. or A.C.S.It., soft-drawn AlrfmiTmm is 
preferable. The rfze of the tie wire is somewhat optional but 
should as a rale be large enough for the mechanical strength 
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desired (depending on the size of conductor held) and small 
enough to be easily served up. The “Overhead Systems Refer¬ 
ence Book”^ gives the following sizes which may be used as a 
guide* 


For No. 6 conductor 
For No 4 conductor 
For No. 2 conductor. 
For No. 0 conductor 
For No. 00 and larger 


No. 6 fie 
No. 6 tie 
No. 4 tie 
No. 4 tie 
No. 3 tie 


:2 Turns 



fZTltma 


(oO On one Pin Insulator- "I Mcthocfs 



* _ Remove covermg 
z Turns ^erve andso/akr 


2 Turns 



Tie wire wrapping 


''Snubbing hz 

Regu/ar fie 



Give Wire 2 turns around insuhfor 
and doub/e back 

(b) On Two Pm Insulators - Z Methoots 


Tape 


Deadend c/ev/s^ 


Eyeboff. 

ll-_ 


6erv3- 


(c) On Guy Strain lnsulator(&condaries) 

(d) Gee Figure 216 d for HewleH Insulator 

Dead End 

Pio 239.—Deed ends 


Figure 238 shows several forms of ties which have been found 
suitable. On the aluminum, an armor tape is used to increase 
the size of the wire to protect against burning by flashover and 
to prevent breakup due to crystallization under movemaut of the 
wire. 


1 N E.L.A 





Jb /amp 


(b) With 2 Guy Insulators 
(6frtef//0fytrfiff crrcurf) 

Jlv_ J1 
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Dead Bud.—Wh^re a conductor is dead ended, its tension 
must be held and transferred to the supporting members. 
Two methods of dead ending are commonly used. Small wires 
are often dead ended on pin insulators, being held by being passed 
around the insulator and tied in some manner. Large wires are 
more often dead ended in strain insulators. 

Figure 239 illustrates the method of attaching and holding the 
wire on several types of dead ends. 

Figure 240 shows methods of cutting a circuit electrically 
where the structure is mechanically continuous. 



CHAPTER XXIir 


CLEARANCBS 

Since overhead conductors are Tisually not effectively insulated 
by any covering on the wire itself for the voltage which they carry, 
it IS necessary for the safety of the public, for the safety of 
workmen working on and around the conductors, and to provide 
against an undue number of interruptions to service, that 
certain clearances be maintained between conductors, between 
conductors and ground, etc. Just what those clearances should 
be may be open to question and will depend considerably on the 
conditions of the case such as voltage, number of wires involved, 
location, probable loading, and similar factors. The National 
Electrical Safety Code recommends minimum clearances for 
most of the cases which will usually be encoimtered. They 
are the best standard which we have at present on which to base 
the design of distribution lines. 

It should be remembered in studying the question of clearances 
that there is, or should be, a logical reason for each minimum 
clearance specified. When establishing a clearance or changing 
one already established, the reasons for that clearance should be 
kept clearly in mind and used as a basis for the measurement used 
rather than allowing it to be determined by a saving in cost or 
desire to make it fit in wdth some proposed design. A few of these 
reasons will be given briefly. 

Clearance above ground is for the purpose of preventing any¬ 
thing which may ordinarily pass under the line from coming too 
cU^e to or in contact with it. In case of a crossing over a country 
road, £»i£5Lcient height must be provided to care for the highest 
vehicle probable, such ajs a load of hay with a driver standing on 
top. same provision should usually be made over driveways 

coming from fields along the road. For a city street, hay loads 
are not usual, but large trucks, such as moving vans, are. Also 
steam shovete, trenching machines, and similar outfits sometimes 
reach eonsiderabie height. Over railroad tracks, not only 
must freight cars with men on top be considered, but in some 
cases unusual clearances are desirable to provide for cranes 
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with high booms which may pass frequently. Where pedestrians 
only can pass under a hne, it is only necessary to get it beyond 
their reach but it must be remembered that that reach can easily 
be extended with a cane or similar object. In the extreme case, 
for example, it may be well in crossing some streams to consider 
the height to which a fish line might be whipped by a passing 
fisherman. On large streams, of course, the masts of boats, ice 
boats, and sometimes derrick scows must be cleared. 

Clearance between wires and from wires to their supports is 
necessary to provide room for workmen to handle them safely 
while the voltage is on and to pass them to reach other wires. 
In addition, for the higher voltages they must be far enough 
apart in the span so that they will not whip together in the wind, 
causing short circuits. 

Clearance above and alongside buildings is for the purpose of 
preventing unauthorized persons from readily reaching the wires 
while standing on the roof or leaning from a window. 

These reasons are examples of what should be considered in 
establishing any clearance. It might be said that the avoidance 
of accidents or interruptions to service by providing ample 
clearance is usually a real economy even if some additional line 
cost is involved. It is not a case, however, of where “a little 
is good, more is better,” since the provision of greater clearances 
than are practicably necessary may involve unwarranted 
expenditures. Good judgment and experience are essential 
factors in this matter. 

The more important clearance requirements of the Safety Code 
will be given in the following tables with some brief comments on 
their application. The Safety Code contains quite a few excep¬ 
tions to the general rules stated, but for the most part these will be 
omitted here, as they quite often apply to existing construcHon or 
to higher voltages than are usually dealt with on distribution 
circtdts. It is recommended that the operating engineer make a 
thorough study of the Safety Code, including all these exceptions, 
as the data given here cannot be considered complete. 

Clearance above Ground (Table XXXTI).—The clearances 
specified are at fiO^F., no wind. For spans over 150 ft. it is pro¬ 
vided that the clearance shall be increased 0.1 ft. for each 10 ft. 
excess over 150 ft. 

The clearances required above railroad tracks may be compared 
with the height of ordinary freight cars which is from 14 to 16 ft. 
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Tablb XXXVI —Minimum Vertical Clearanczi of Wires above 

Ground or Rails 



Guys, mes¬ 
sengers, com¬ 
munication, 
span, and 
hghtning- 

Open supply-hne wires, arc 
wires, and service drops 

Trolley contact 
conductors and 
associated 
messenger wires 

Nature of ground or rails 
underneath wires 

wires; per¬ 
manently 
grounded 
continuous 
metal-sheath 
cables—all 
voltages, feet 

0 to 
750 
volts, 
feet 

760 to 
15,000 
volts, 
feet 

15,000 

to 

50,000 

volts, 

feet 

0 to 
750 

volts to 
ground, 
feet 

Exceed¬ 
ing 750 
volts to 
ground, 
feet 


Where wires cross over 


Track rails of railroads 







handling freight cars on 
top of which men are 
perxmtted 

<c)27 

(c)27 

(c)28 

30 

22 

22 

Track rails of railroads not 







included above 

18 

18 

20 

22 

IS 

20 

Streets, alleys, or roads in 
urban or rural districts 
Driveways to residence 

(D18 

18 

20 

22 

18 

20 

garages 

Spaces or ways accessible 

10 

10 

20 

22 

18 

20 

to pedestrians only 

(a) 15 

(h)15 

<W16 

17 

16 

IS 

Where wires run along 

Streets or alleys in urban 
districts 

Hoads In rural districts 

0)18 

0)15 

0*)18 

0)16 

20 

18 

22 

20 

18 

18 

20 

20 


<e} This dearanoe may be reduced to 25 ft where paralleled by trolley oontact conduc¬ 
tor on the same street or highway. 

Cf) Where a guy crosses a street or alley in urban districts and the section of guy above the 
street or alley is effeotivdy insulated against the highest voltage to which it is exposed, up 
to 7,500 volts, the dearsnce may be reduced to 16 ft at the side of the travded way. 

(p) This clearance may be reduced as follows* 

For guys . , 8 ft 

(h) This clearance may be reduced as follows 

(1) Supply wires (except trolley contact wires) limited to 300 vdts to 

ground ... .... .... 12 ft 

<2) Supply wires (except trolley contact wires) hmited to 150 volts to 

ground and located at entrances to buildings... . 10 ft 

(3) Where supply circuits of 550 volts or less with transmitted power 
of 1,600 watts tsc less are run along fenced (or otherwise guarded) 
private xi^ts-cf-way m accordanoe with the provisions specified in 
rule 220, B, 3 (Safety Code) .. ...... . ,, 10 ft 

Ct) Where a pole hne along a road is located rdative to fences, ditches, embankments, etc , 
so that the grotmd under the hne will never be travded except by pedestrians, this clearance 
may be reduced as follows* 

Supidy conductors 


12 ft. 
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above rail. A man standmg on top would therefore brmg this to 
20 to 22 ft. Considering that the conductors will have greater 
sag under high temperatures or under ice loading, the clearances 
given are not unreasonable. 

In streets or alleys in urban districts moving vans may reach 
10 to 12 ft above the roadway, on county roads, hay loa^ 10 ft. 
high with a 6-ft. man on top make 18-ft. clearance not too great. 
In fact, with much increase in sag at high temperature a greater 
clearance than 18 ft. is sometimes desirable. For spans greater 
than 160 ft. this is more or less provided for by the additional 
clearance required, as stated above. 

Clearance of 16 ft. over ways accessible to pedestrians only may 
seem excessive in many cases. A reduction to 8 ft. for guys is 
allowed by the code and to 12 ft. for supply conductors where the 
space underneath is such that it cannot be traveled excepting by 
pedestrians. The latter qualification may be rather difficult 
to determine as a certainty however, as places today only 
accessible to pedestrians may tomorrow be so altered as to be 
accessible to vehicles. Another consideration is that a good 
height above ground is some deterrent to the ambitions of mis¬ 
chievously inchned persons who hke to see the fireworks when a 
short circuit occurs and are not averse to assisting therem. 

The 18-ft clearance over alleys, without qualification, is likely 
to be a hardship in many cases however, as it very often occurs 
that service entrances are made to garages, or other low b uildin gs 
located on the alley line, from poles across the alley. Even 10-ft. 
clearance at the entrance point is sometimes difficult to obtain 
without special construction. Some modification of this would 
seem reasonable, especially since high vehicles do not <rften fre¬ 
quent alleys, especially in the residence districts. 

Wire Crossing Clearances (Table XXXVII).—^The clear¬ 
ances specified are for 60°F., no wmd and where the sum of the 
distances from the point of intersection to the nearest supporting 
structure of each span is not over 100 ft. If it is over 100 ft., the 
clearances given should be increased 0.1 ft. for each 10 ft. of 
excess over 100 ft. 

Horizontal Separation (Table XXXVHI).—^The pin spacing 
of the cross-arm in common use^ is about 14 in. or a little less. As 
a rule this spacing is satisfactory for voltages up to the order 
2,300. For higher voltages, although such spacmg may be not 

* See N.E Jj A sv^gested standard in Chap JCVII. 
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Tables XXXVII.— Wire Crossing Clearances 
(All Voltages Are between Wires Except for Trolley-contact Wires 
Where Voltages Are to Ground) 


Nature of wires crossed 
over 

Corn- 

mum- 

cation 

wires. 

Open-supply wires 

0 to 750 volts and 
permanently 
grounded contin¬ 
uous meted-sheath 
supply cables of all 
voltages 

Open-supply wires 
and service drops 

Guys, 
messen¬ 
gers, span 
wires, 
hghtning- 
protect- 

i 

1 

Line 

wires, 

feet 

Service 

drops, 

feet 

760 to 
7,600 
volts, 
feet 

7,500 to 
50,000 
volts, 
feet 

ion wires, 
feet 

1 

1 

Commumcaiion, mclud- 
mg cables and mes¬ 
sengers. 

2 

4 

1 

2 

4 

6 

2 

Supply cables having 
permanently grounded 
continuous metal- 

sheath* all voltages, . 

4 

2 

2 

2 


2 

Open-supply wires 

0 to 760 volts . 

4 

2 

2 

2 


2 

760 to 7,600 volts... . 

4 

2 

4 

2 


4 

7,600 to 60.000 volts . 

6 

4 

6 

4 

4 

4 

TroUey-contaot o<mduct- 
ors . 

4 

4 

4 

6 

0 

4 

Guys, messengers, span 
wires* hghtning>pror 
teo1a<Na wires, service 
drops 0 to 760 volts. 

2 

2 

2 

4 

4 

2 


Table XXXVIII,— Minimum Horizontal Separation at Supports 
BETWEEN IfINB CONDUCTORS OP THE SaME OR DiPPERENT CIRCUITS 


Separation, 

C^asB of Circuit Inches 

Communication conductors ... .... *6 

Bailway feeders: 

0 to 750 volts, No. 4/0 or larger ... ... 6 

0 to 750 volts, smaller than No. 4/0 ... 12 

750 to 7,500 volts.. . 12 

CMier sni^ply conductors: 

0 to 7,500 volts... ... 12 


s}X conductors of more than 7,500 volts add for 
each 1,000 volts in excess of 7,500 volts. 0 4 


too eloee fw satisf^tory working oonditions on the pole, it may 
be closer than is piracticabie in the span, especially if the spans 
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TabijS! XXXIX.— ^VuRTicAZ. Separation op Cross-arms Carrtinq 

CONOTJCTOBS 


Supply conductors, preferably 
at higher levels 



0 to 750 
volts and 



15,000 to 
50,000 volts 

CJonductors usually at 
lower levels 

perma¬ 
nently 
grounded 
con¬ 
tinuous 
metal- 
sheath 
cables 
of aU 
voltages 

760 

to 

7,500 

volts 

7,500 

to 

15,000 

volts 

Same 

utility 

Differ¬ 

ent 

utihties 

Communication conductors. 
General ... 

4 

4 

6 


6 

Used m operation of supply 
lines •«.«« « • 

2 

2 

4 

4 

6 

Supply conductors: 

0 to 750 volts . 

2 

2 

4 

4 

6 

750 volts to 7,500 volts. . 


2 

4 

4 

6 

7,500 volts to 15,000 volts. 

If worked on alive with long- 
handled tools, and adjacent 
circuits are neither killed nor 
covered with shields or pro¬ 
tectors. 



4 

4 

6 

If not worked on alive except 
when adjacent circuits i 

(either above or below) are 
killed or covered by shields 
or protectors, or by the use of 
long-handled tools not re¬ 
quiring linemen to go be¬ 
tween live wires. 



2 

4 

4 

Bxceedmg 15,000 volts, but not 
exceeding 50,000 volts .... 


- 


4 

4 


are relatively long and the sag considerable. The Safety-Code 
provision for minimum spacing mth relation to sag was given in 
Chap. XXII imder the discussion of sag. It will probably be 
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found that it is often desirable to exceed those minimmns some¬ 
what in practice to prevent trouble from wires whipping together 
m the wind. A double pinspacing of 28 m. or thereabouts is 
quite commonly used for distnbution voltages over 2,300, in 
spans up to 175 ft. or so. For longer spans such as 300 ft. even 
greater spacing than this will sometimes be of advantage. 

Verticad Separation.—Table XXXIX refers to separation 
between cross-arms and this is usually the separation between 
conductors also. A reduction of 8 in. where the clearance is 4 
ft. or less and 12 in. where 6 ft. is allowed between conductors 
in case pin heights are different. 

Where conductors are not carried on cross-arms, the same 
separations are required, except that for voltages not over 760 
volts and spans not over 160 ft., conductors carried on racks on 
the side of the pole may have a minimum separation of 4 in. 

Where conductors have different sags, the clearance specified 
may be reduced not over 25 per cent at the center of the span 

Vertical Clearance of Conductors from Equipment—Between 
conductors and non-current carrying metal parts of equipment, 
the clearances required are as follows: 

Supply conductors not exceeding 760 volts, to communication 

equipment.the 4-ft. separation specified in Table 

XXXIX may be reduced to 40 in. 

Communication conductors, to supply equipment, ... 
separations given inTable XXXIX as 4 ft. and 6 ft may be re¬ 
duced to 40 in. and 60 in., respectively. (This is most often 
api^cable to the separation between supply transformers and 
communication conductors on jointly used poles.) 

Span wires or brackets for lamps or troUey-contact conductors: 

From crosa-anns oarryk^ communication conductors ., 2 ft. 

From messenger wires carrymg communication con¬ 
ductors . . . .1 ft. 

From terminal box of communication cables . ... 1 ft. 
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Clearance from Supports. 


Table XL.— Minimum CliEabancb in Any Direction prom Line Con¬ 
ductors TO Supports, and to Verticali or Lateral® Conductor, 
Span, or Gut Wires Attached to the Same Support 


Clearance of line conductors 
from 

Communica¬ 
tion lines 

Supply Imes 

0 to 7,500 volts 

1 

Exceed¬ 
ing 
7,500 
volts 
add for 
each 

i 1,000 

volts 

excess, 

mches 

In 

gen¬ 

eral, 

inches 

On 

jointly 

used 

poles, 

inches 

In 

gen¬ 

eral, 

mches 

i 

On 

jointly 

used 

poles, 

inches 

Vertical and lateral conductors 






Of same circuit 

3 

3 

3 

3 

0.25 

Of other circuits 

3 

3 

6 

6 

0 4 

Span and guy wires attached to 






same pole 






General 

3 

6 

6 

6 

0 4 

When parallel to line 

(W 

(b) 

(fe) 

(fe) 

0 4 

j'SLightmng-protection wires, 






parallel to Ime .... 

(h) 

(h) 

(6) 

0) 

0 4 

Surfaces of cross-arms 

3 

3 

3 

3 

0 25 

Surfaces of poles 

3 

5 

3 

d5 

0 25 


Ch) Clearance shall not be less than the separation required by Table 
XXXVIII between two line conductors of the voltage concerned 

(d) This clearance applies only to supply conductors carried on cross- 
arms below communication conductors on joint poles. Where supply 
conductors are above commumcation conductors, the clearance shall be 
at least 3 in. 

^ By vertical conductors are meant conductors running vertically from one level to 
another, such as iaraimng wires from a circuit on an upi>er cross-arm to a transforms lower 
down on the pole 

s By lateral conductors are meant conductors running honsontally at right angles to the 
direction of the line, such as a traimng wire carried from an inner pin position along the 
face of the arm to be trained down on the ends of the arms, or a service wire carried across 
a pole. 

Climbing Space.—It is obvious that, as a matter of safety and 
convenience to workmen, a path should be provided up the 
pole through the wires, through which they may climb without 
an undue amount of g 3 nnnastics. This is especially important 
where lines of the higher voltages are worked upon while alive. 
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The Safety Code’s provision in this regard makes for safe working 
conditions. The requirement is for a clear space of the sp>ecifiec 
dimensions, extending "past any conductors, cross-arms, or othei 
parts,” the same dimension being provided both along and across 
the line. That is, it furmshes a vertical path of square cross- 
section, free from obstructions, through which a man may 
climb. The dimensions of the climbmg space are given as 

For conductors less than 300 volts.24 in 

For conductors 300 to 7,500 volts .30 m. 

For conductors 7,500 to 15,000 volts . . .. 36 in. 

For conductors over 15,000 volts . more than 36 in 

On jomtly used poles, climbing space through communication 
conductors shall be the same as for conductors immediately 
above them. 

The climbing space i^ould extend straight for at least 4 ft. 
above and below the conductors m question. Beyond these 
limits it may shift from one side of the pole to the other. It may 
be on one comer only. Sections of the pole, or structure, or 
longitudinal or vertical mns encased in insulating conduit, are 
not considered as obstructing the climbing space. On buck-arm 
poles the climbing space should be measured from the face of the 
buck arm, and will usually require that one or more pin positions 
on the arms be left vacant. The Safety Code allows a special 
spacing of 7^ in. between pins under certain conditions to allow 
for this. The use of a longer arm with normal pin spacing is 
very often a good solution of this problem, however. 

In Ptg. 241 are shown several illustrations of climbing space. 

Working Space.—^Another important provision for safety, 
convenience, and saving of time in construction is the establish¬ 
ment of an unobstructed working space between conductors at 
4hfiezmit levels. The Safety Code’s stipulation in this regard is 
timt a space free from all lateral or vertical conductors shall be 
ptmvided, extending from the pole to the outer pin position of 
ttko lucm and of the same dimension in the other direction as the 
<dfa»t4 i i g apace, measured from the face of the cross-arm. The 
vertie# heil^t idiall be as given in Table XXXI X for vertical 
d i s t an c e' between line conductors. 

Buck arms are likety" to obstruct the climbing space. The 
Safety Code allows a reduction of the working space to 18 in. 
above each kne, arm and above each buck arm if no circuits of 
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voltage over 7,500 volts are involved and the required horizontal 
clearance between conductors is maintained. This may be 
accomplished by placing the line arms 36 in. apart on buck-arm 
poles with the buck arm midway between. 



Figure 242 illustrates the requirements for working space. 

It should be pointed out that not only are the provision of 
ample clim bing and working spaces on a pole advisable from the 
standpoint of accident prevention, but they may accomplish a 
material saving of time in construction and maintenance work. 
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The work of a on a pole requires, at best, deliberate 

action and careful attention to details in protecting himself and 
the circuits he is handlii^ from injury. If in addition he is 
forced to work in a cramped position and without sufficient room 
to >»a ndlA his tools properly, the time necessary for the job is 
unquestionably extended considerably. 



Fia 242,—Working space 


Cleazance from Buildings. 

Tabus XLI,— Cubarancbs op SuppiiY CoNDtrcroRs prom BuixiBIngs 



Horizontal 

Vertical 

Voltage of supply conductors 

clearance. 

clearance. 


feet 

feet 

300 to 7,500 . 

3 

8 

7,500 to 16,000 . 

8 

8 

15,000 to 50,000,, . . ... 

10 

10 
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For voltages over 7,500 volts and spans over 150 ft., increase 
clearance 0.1 ft. for each 10 ft excess over 160 ft. 

There will be many cases where conductors pass buildings where 
it will be found advisable to increase these clearances, such as 
where there are balconies, fire escapes, etc., and m passing 
over flat roofs commonly used by the public. For voltages over 
7,500 volts it IS stipulated that they should not be carried over 
roofs of buildings not concerned in the operation of the utility 
owning the wires 



Fig. 243 —Ladder space 


Very little is specified concerning voltages less than 300 volts 
but it is advisable to use some care even with these voltages 
to keep the wires out of reach of the public, both from a safety 
standpoint and also to keep them from being disturbed 
unnecessarily. 

In addition to the above given clearances, provision should be 
made to allow for the raising of fire ladders against the building 
in case of emergency. The Safety Code stipulates that a clear 
zone at least 6 ft. wide be left either adjacent to the building, 
z.e., between it and the wires, or outside the wuxes, beginning not 
over 8 ft. from the building. Figure 243 illustrates this 
requirement. 



CHAPTER XXIV 


GUYING 

In wood-pole line construction, where the loading imposed 
by the wires is of any considerable amount, its horizontal compo¬ 
nent is usually sustained by the use of guyu. Wood poles 
themselves are quite limited in strength, for example a Class C 
pole (see Chap. XVI) has a theoretical ultimate strength of only 
about 1,600 lb. of horizontal loading apphed near its top. Class A 
poles about 3,300, etc. Even where the pole itself mi gh t be 
sufficiently strong, the setting is likely not to have the stability to 
develop that full strength. The wire loading at dead ends or at 
comers or an^es of any considerable size will usually be such as to 
exceed the allowable pole stress and require some additional 
support. Special structures such as A frames, H frames, push 
braces, etc. are sometimes employed for this purpose but the 
most common method is to install guys of steel wire or other high- 
strength matenal to take the stress. 

The usual assumption in determining the strength of guys 
necessary for any case is to consider the stmcture as rigid, the 
pole acting only as a strut or column imder direct compressive 
stress, the guys assuming the whole horizontal component of the 
loading. This is the assumption specified in the Safety Code. 
As a matter of fact, the element of elasticity no doubt plays some 
part in the distribution of stress in the structure. The guys 
themselves are of elastic material and when stressed heavily 
win elongate slightly. Connections at clamps and where the 
^ly is wrapped around the pole are not entirely rigid under 
stress, imchors are likely to give slightly, etc. All these factors, 
al^ough peibaps not of great moment in themselves, when 
eombined may serve to alter the assumed condition somewhat, 
allowing the guyed pole and perhaps adjacent poles to take 
some of the horizontal street. Fox practical purposes, how¬ 
ever, the assumption <rf r^dity is a satisfactory one and on the 
safe side. 
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Types of Guys.—Where the wires are carried on cross-arms, 
the loading is imposed first on the cross-arm and thence trans¬ 
ferred to the pole. Under dead-end conditions, if the wire load¬ 
ing is not equally balanced on the arm, i.e., symmetrical about the 
pole, the unbalance, unless very small, wiU be likely to twist 



(b) Arm Guy Running Back 



(c) Double Arm Guys (Hzavy /oaefrngti 



(d) Vertical Loading on Arm dueto Arm Suy 
Fio. 244.'—^Arm guys. 

the arm out of position. It may bo held in place by using an 
arm gwg to take up the unbalance. The arm guy is usually 
attached to the end of the arm having the heavier load, and 
carried down to an anchor, or another pole. This is illustrated 
by Fig. 244 (a). Occasionally it may be more convenient, if 
the strength of the cross-arm permits, to attach the guy to the 
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other end of the arm and carry it back in the direction in which 
the load is pulhng, Fig. 244 (6). Sometimes the load, even 
though balanced on the arm, may be sufficiently large to overstress 
the arm unless otherwise supported. In such cases it is necessary 
to guy both ends of the arm, Fig. 244 (c). The strength of cross- 
arms is discussed in Chap. XVII. It should be remembered in 
using arm gU 3 rs that, if they themselves have any considerable 
angle to the horizontal, they impose a vertical loading on the 
cross-arm equal to the vertical component of their tension and 
this loading must be taken into account in considering the 
strength of the structure, see Fig. 244 (cf). 

Guys sustaining the mam stress on the pole are sometimes 
designated according to the anchorage used as, poZe-<o-poZe, 
pole-to-stub, and pole-4o-anchor guys. Where spans are com¬ 
paratively short, it is sometimes convenient to carry the guy to 
the next pole in the line rather than use a separately installed 
anchorage. Such a pole-to-pole guy is illustrated in Fig. 245 (a) 
It is especially adaptable to use where clearance aboveground is a 
requisite, such as where the guy must be carried across a street. 
It must be remembered in making such an installation that an 
additional stress is thrown on the pole used for the anchorage, 
which may overstress it, or at least be undesirable, on account 
of the tendency to pull the pole out of the vertical. This may be 
counteracted by further gusdi^ of the anchor pole. 

Where no other line pole is available and clearance requires it, 
a separate pole must be set for an anchorage. This pole is usually 
shorter than the line poles (22 to 25 ft. is a common length) and 
is usually called a ‘‘stub, ” see Fig. 245 (6). Where space allows, 
the stub is often set with a rake or angle to the vertical, thus 
relieving somewhat the stress on the base of the stub if the stub 
IS not anchor guyed, and relieving the stress in the anchor guy 
if one is installed. An angle of about 20 deg. to the vertical is 
convenient. The setting of the stub should be reinforced by 
Mocking of some sort to give it greater stability, especially if no 
anchor guy is used. 

A convenient form of anchorage, where it is not necessary to 
provide clearance over a roadway, is an earth anchor. The 
pole-io-anchor guy is illustrated in Fig. 245 (c). The subject of 
anchors and their strength will be taken up later. 

Other forms of anchorage are sometimes used, such as to trees or 
to buildings. The former are usually not desirable, both on 
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accoiint of the possible damage to the tree and also on account of 
the fact that it usually is not under the control of the owner of the 
line and might be removed without warning. Building anchorage 



(a) Pole to Pole Guy 



Line _ l/ne 



\ » 

Anchor''•y AnchorX. 

(o) Anchor Guy (id)Verticalor Sidewalk Guy 

Fig 245.—Pole euys 

is subject to the same objection but sometimes such construction 
cannot easily be avoided. 

A type of guy which is used where it is necessary to provide 
clearance over a sidewalk or pathway, but where space is limited, 
is illustrated in Fig. 245 (d). It is sometimes called a ‘^vertical 
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guy" or a “sidewalk guy." It is not particularly strong, on 
account of the relatively short distance from pole to anchor, and 



can usually be depended upon 
only for loads of the order of 
2,000 lb. or so, even when 
heavy guy wire is used. 

Loading.—The loads im¬ 
pressed on guys at dead 
ends are due to the tensions 
in the wires dead ended. Kg. 


246. The magnitude of these tensions depends upon the size of 


wire, its loading, including 
ice and wind, and the sag in 
the span. This subject was 
discussed in detail in Chap. 
XXII. The ordinary limit 
on which des^n is based is 
the elastic limit of the wire 
(about 50 to 60 per cCTit of 
the ultimate, for copper). 
The ordinary stress is - of 
course usually much less than 



that, as the limit is reached (a) Stress on Bole at Angle inLme 


under the worst assumed 


condition of loading which 
may be approached only 
occasionally. 

At angles in the line, the 
loadii^ is also due to the 


T, 



(b) Unbalanced Tensions 


tendon in the wires but only 
a component of that tenraon 
by the guy, the amount 
dc^pending on the saee of the 
in the line. Kgure 
247 illustrate tibis. If T is 
the assumed maximum ten¬ 
don in one conductor, « is 
the an^c) m the line, n the 
number of conductors (aU 



alike), the component of 2* in the direction of the guy which 
bisects the angle is T sin a/2. 
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The total stress resisted by the guy is, therefore, 


and 


for each conductor . . . 2T sin g 

C£ 

for n conductors . . 2nT sin g 


It is easy, especially if the angle is fairly large, to conceive of 
the loading on the span in one direction from the pole being dif¬ 
ferent from that in the span in the other direction, since if the 
wind is directly across one span so as to have its maximum 
effect on that span, it will be at an angle to the other span and 
its effect on that will be less. This would result in different 
tensions m those spans as indicated in Fig. 247 (h) if it were 
not for the elasticity of 


11111111 


111 i 1111 | 


Say 

pressure cniv/re 

t \ \ i . i . l I Ll- 


the pole. The inequal¬ 
ity of the components 
of Tx and at right 
angles to the direction 
of the guy will deflect 
the comer pole until a 
balance is reached at 
some intermediate ten¬ 
sion. Adjacent poles ^ ^ 

, Fio. 248—Side guying for-windloading 

will also be somewhat 

deflected because the tensions in adjacent spans will have to be 
also adjusted. 


I 


1111 m 111 


The resulting tension will be somewhere between 


Tx and T' 2 . 

The wind pressure on the pole itself also must be included in 
computing the total load sustained by the guy. 

Where the angle is large, i.e., more than 60 deg., the loading on 
a guy bisecting the an^e will be greater than the cead-end loading 
of the would be (except for the variation of wind loading as 
noted above) and it is somewhat better to install two gU 3 rs as 
shown in Fig. 247 (c) if possible. In this case both guys are con¬ 
sidered as dead-end guys. 

In some cases in straight-line construction, the maximum wind 
loading on the wires will exceed the strength of the pole, in which 
case a guy is needed to assume the stress. The loadii^ in this 
case is that of the wind pressure on the wires (with their ice cover- 
i ng where such is considered) in a half-span on each side of the 
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pole plus the wind pressure on the pole, see Fig. 248. Data on 
the wire loading will be found m Chap. XXII and on the pole 
loading in Chap. XVI. The Safety Code provides that where 
there are more than 10 wires with heavy- or medium-loading, 
spaced not over 15 in. apart, the transverse wind load may be 
calculated as that on two-thirds the number of wires with a mini¬ 
mum of 10 wires, thus making some allowance for shielding. 
Such gujrs as these are more often used at railroad crossings and 
aiTni1a.r locations where the safety factors required (by the Safety 
Code) are higher than for the rest of the hne. They are also 
sometimes used on occasional poles in long lines as storm guys, 
not so much because the pole strength is actually insufi&cient for 
the assumed loading but rather to increase the stability of the 
line. 



Another case of loading often encountered is at a partial dead 
end, i.e., where a complete dead end is not held but, on account of 
change in wire size or difference in sag used on either side of the 
pole, the wire tension in one direction is less than that in the other. 
The balance must be taken up by guying, see Fig. 249. Such 
a €»se sometimes occurs at comers in heavy leads, where the full 
dead-end load is so heavy that it is impracticable to hold it all 
on one pole. It may be distributed over two or more poles 
(in each lead) by guying these adjacent poles and reducing the 
tension in the comer spans by increasing the sag somewhat, 
s^ Fig. 250. 

Still another ease of loading, when the Safety Code is followed, 
is where there is a section of Grade Aor B constmction (see Chap. 
XVI) in a line of lower grade of constmction, such as a railroad 
crossing in a line otherwise Grade C or less. The Safety Code’s 
requirement is that the stmcture should be able to support a 
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load equal to the unbalanced pull in the direction of the higher 
grade section (crossing) of all conductors supported. That is, 
suflBLcient strength is required to support full dead-end loading 
of the section. (Exception, where no span exceeds 500 ft., if 
the pull in the direction of the higher section exceeds 30,000 lb , 
the assumed loading is modified to 30,000 lb., plus one-fourth the 
excess above 30,000 lb., maximum 50,000 lb.) 



Stresses in Guys.—The loadings described above all act in 
horizontal planes or practically so. These horizontal stresses 
are counteracted by the horizontal components of the tensions 
in the guys. 

The guy should be attached as near as practicable to the center 
of loading of the loads which it supports. Since the individual 
loads often act at different elevations, it is necessary for comput¬ 
ation to convert them into an equivalent single load at the point 
of attachment of the guy. Figure 251 illustrates this. If 

loading at height Ai, 
loading at height h^. 

equivalent loading at point of attachment of guy, at 
height A. 

T \h\ + 
h 


Tx = 

n = 

H = 


H = 


( 102 ) 
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If wind loading on the pole is a factor, the point of application 
of its resultant is as shown in Fig. 180, Chap. XVI The 
moment of the wind pressure about the base of the pole should 
be added to the numerator of the above expression (in the form 
of IPwh^i^ ■ 

Since the guy is rarely horizontal, the actual tension in it wiU 
be greater than H, the equivalent horizontal loading. If 


•y = the angle the guy makes with the horizontal, 
Tg = tension in the guy. 


cos y 


(103) 



The vertical component of T,, i.e., F, acts as an additional verti¬ 
cal load on the pole itself. 


K^am^ e.—^Assume 4 4 medium-hard copper wires dead ended on 

the top arm at height 33 ft. above ground, 3 No. 2 medium-hard copper 
wirra dead ended on the second arm at height 31 ft. above ground. Guy 
attached 30 ft. above groimd, an^e of guy 46 deg. 

Ti » 4 X 800 = 3,200 lb. 

r* « 3 X 1,200 =* 8,600 lb. 

IS - 3, . 200 x 33 + 3,600 X 31 ^ 

„ 7,240 
• 0.7071 “ 


10,240 lb. 
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.If the point of attachment of the guy is too far from the center 
of the load, the stress in the pole at that point may become an 
important consideration. The moment at that point is 
approximately, 


M = Txiht - h) + - h), (104) 

the section of pole above acting as a beam (see Chap. XXX for 
computation of stress). 

Strength of Guys.—Naturally, the strength of guys used should 
be at least equal to the tensions which it is computed will be 
imposed on them. Whether a safety factor should be used in 
addition will depend upon whether or not the loading assumed is 
considered an absolute maximum and also somewhat on the 
im portance of the structure or its location from the standpoint 
of safety to the public and to the service The Safety Code 
specifies that the following percentages of ultimate strength shall 
not be exceeded. 


Pbbcbntagbs op Uiotmatb Stkenoth fob Different Grades 



Grade A 

Grade B 

Grade C 

For transverse strength (when installed) . 
For longitudinal strength (at all times) in 

60 

60 

75 

general . 

100 

100 

75 

At dead ends 

50 

50 


The case of the railroad crossing (Grade A or B) in a line of 
lower grade of construction would be an example of “longitudinal 
strength in general” for which this table requires only that the 
guy’s strength at all times (even if partly deteriorated) be at 
least equal to the longitudinal loading assumed. This loadix^ 
was discussed in a previous paragraph. Transverse guying at 
such locations must have a safety factor of 2 when new. 

iv/rn tATialR for Guys.—The most commorfiy used material for 
guys is galvanized steel strand. Steel strand for this purpose 
comes in several diff erent grades of strength. The ones of lower 
strength are softer and more easily handled in mak ing up the guy, 
bending, clamping, serving up, etc. The higher strength grades 
are more applicable to special work where unusually heavy loads 
are encountered. So-called **standard strand” and **Siemens- 
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TabIjS XLfU. —Characteristics of Steel Used for Guys 



Ultimate 
strength, 
pounds 
per m.® 

Elastic 
limit, 
pounds 
per in ® 

Standard 

47,000 

24,000 

Siemens-Martin 

75,000 

38,000 

High strength 

125,000 

69,000 

Extra high strength 

187,000 

112,000 


Weight. 002671 lb. per cubic incb 

Modulus of elasticity 29 X 10® 

Coefficient of linear expansion 11 8 X 10""® per degree Centigrade 

6.62 X lO”® per degree Fahrenheit 


Table XLIII— Properties of Steel Guy Strand 


Nominal 

diameter, 

inches 

Size of 
strand, 
number 
B.W.G.i 

Approxi¬ 

mate 

weight, 

poimds 

per 

1,000 ft. 

Approxi¬ 

mate 

cross- 

sectional 

area, 

square 

inches 

Standard 

Ultimate 

strength 

Elastic 

limit 

K 

14 

121 

0 0379 

1,900 

1,000 

Ms 

13 

157 

0 0496 

2,500 

1,250 

K« 

12 

205 

0 0653 

3,200 

1,600 


11 

296 

0 0792 

4,250 

2,100 

Ke 

9 

399 

0 1205 


2,600 

H 

8 

517 

0 1495 

7,400 

3,700 

He 

. 

671 

0 1823 

9,600 

4,800 

H 


813 

0 2330 

11,600 

6,000 

H 


1,200 

0 3360 

16,700 

8,500 


Nominal 

diameter, 

inches 

Siemens-Martin 

High strength 

Elastic strength 

Ultimate 

strength 

Elastic 

hmit 

Ultimate 

strength 

Elastic 

hmit 

Ultimate 

strength 

Elastic 

limit 

yi 

3,060 

1,600 

5,100 

2,800 

7,600 

4,600 

H2 

4,380 

2,200 

7,300 

4,000 

10,900 

6,500 

He 

4,860 

2,400 

8,100 

4,500 

12,100 

7,300 

H 

6,800 

3,400 

11,500 

6,300 

17,250 

10,350 

He 

9,000 

4,500 

15,000 

8,250 

22,500 

13,500 

H 

11,000 

5,500 

18,000 

9,900 

27,000 

16,200 

He 

19,000 

9,500 

25,000 

13,750 

42,500 

25,500 


1 B W G refers to BSxmiiagliaiJi Gause* 
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Martin” are the ones most used for guyiuig distribution lines. 
The characteristics of these grades of wire are given below. 
Table XLiIII gives strength for the usual commercial sizes. 

Ordinarily the wire up to ^ in. is made with 7 strands, the 
larger sizes (% in. and % in.) being usually 19 strand, giving 
more flexibility. Larger sizes than those shown are also obtain¬ 
able but are not often used for ordinary guying. 

Another grade of wire is sometimes used, being specified by 
its strength rather than diameter. (This is common practice 
for messenger and guys for telephone lines.) Its characteristics 
are as follows: 


Strength, Pounds 
6,000 
10,000 
13,000 
16,000 
21,600 
30,000 

1 N B S New British Standard 


Stranding (Number X Diameter in Inches) 
7X0 109 (No 12 B W.G ) 

7 X 0 120 (No 11 B W G) 

7 X 0 148 (No. 9 B.W G ) 

7 X 0 144 (No. 9 N B S 1) 

7 X 0 203 (No. 6 B W G ) 

19 X 0 109 (No. 12 B.W.G.) 


In some localities, notably where there is a great deal of coal 
smoke in the air and where salt spray or salt fog is prevalent, 
galvamzing has a comparatively short life. While under favor¬ 
able conditions good hot-dip galvanizing will have a life of 15 
years or more, under such conditions as indicated above, the 
effective life will sometimes be no more than 4 or 5 years, some¬ 
times even less. After the galvanizing protection has been 
removed, the steel very quickly becomes corroded and is soon of 
little value as a guy. In such locations the cost of maintenance 
with galvanized steel often warrants the use of some material 
of longer life, even at a considerable increase in the cost of the 
material itself. Coppeixsovered steel is one material which is 
available for this purpose. Its characteristics were discussed 
to some extent in Chap. XXII. The grade used for guying 
has a thinner coating of copper than that ordinarily used as 
a conductor. The copper covering is a very effective resistant 
to most ordinary forms of corrosion. Two grades of strength 
are available called “standard textile” and “extra high tensile.” 
Table XLIV gives he characterisiScs of commercial sizes of 
this wire. 
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TaB£^ XLIV.- pROPBSRTlES OF CoPPBRrCOVBRED StEEL StRAND 


Standard Tensile, Hard Drawn 


Nominal 

diameter, 

inch 

Actual 

diameter, 

mch 

Number of 
wires and 
size 

(A.W.Q.) 

Breaking 

load,^ 

pounds 

Cross- 

section, 

square 

inch 

Allowable 

tension, 

pounds 

H 


772 

19 No. 



0 354 


2^2 


720 

19 No. 

7 


0 311 




681 

19 No. 



0 275 

12,550 

H 


640 

19 No. 

8 


0.246 

11,400 

H 

0 

612 

7 No. 

4 

18,550 

0 229 

9,280 

He 

0 

570 

19 No. 

9 

18,430 

0 195 

9,220 

He 

0 

546 

7 No. 

5 

15,400 

0 182 

7,700 

H 

0 

486 

7 No. 

6 

12,600 

0 144 

6,300 

He 

0 

432 

7 No. 

7 

10,160 

0 114 

5,080 

H i 

0 

384 

7 No. 

8 

8,400 

0 0910 

4,200 


0 

342 

7 No. 

9 

6,790 

0 0719 

3,400 

He 

0 

306 

7 No. 

10 

5,600 

0 0671 

2,800 

Hi 

0 

273 

7 No. 

11 

4,650 

0 0452 

2,280 

H 

0 

243 

7 No. 

12 

3,640 

0 0360 

1,820 

He ' 

0 

192 

7 No 

14 

2,310 

0 0226 

1,160 


Extra High-tensile Grade 


H 

■EB 

19 No. • 

44,600 

0.354 

22,300 



19 No. 7 

39,160 

0 311 

19,580 

^He 


19 No. * 

34,800 

0 276 

17,400 

H 

mbM 

19 No. 8 

31,120 

0 246 

16,660 

H 

0 612 

7 No. 4 

28,980 

0 229 

14,490 

He 

0 546 

7 No. 5 

22,930 

0 182 

11,466 

H 

0 486 

7 No. 6 

18,200 

0 144 

9,100 

He 

0 432 

7 No. 7 

14,420 

0 114 

7,210 

H 

0 384 

7 No 8 

11,460 

0 0910 

6,730 


1 BrealdxiLg load of airand is taken as 90 per cent of the sum of the breaking loads of the 
individual wires of the quality used in strand manufacture 
* ^^eoial gauge wire (not an A W G. size) 

(Compiled by Copperweld Ste^ Company ) 


Ctopper-^Uoy wire is also suitable for this purpose* Several 
types of bronze and brass wires are available. Two examples 
of eommereial wire^ have the following characteristics: 


















GUYING 


447 


Grade name 

Tensile strength, 
pounds i>er m - 

Elastic 

limit, 

percent¬ 

age 

Weight, 
pounds 
per in.^ 

Electrical 
resistance 
compared 
with copper. 




percentage 

Calsun bronze 

119,000 to 121.000 

60 

0 3212 j 

15 

Red brass 

110,000 to 115,000 

60 

0.313 j 

25 

1 


Modulus of elasticity and temperature coefficient of expansion 
about the same as for copper 

Attachment of Guys .—Arm guys are generally attached to 
the arm by means of an eyebolt, the wire being protected by a 
thimble, bent back on itself, and clamped or served, see Fig. 
262 (a). 

Pole guys are usually given two or more turns about the pole 
and clamped, see Fig. 252 (b). It is ordinarily good practice, 
especially with comparatively soft wood such as cedar and where 
the guy stress is fairly heavy, to protect the pole by plates or 
shims under the guy. Guy hooks are used as shown in Fig. 252 (6) 
to prevent the guy from slipping along the pole. On Fig. 253 
are illustrated a t 3 rpical shim, plate, and guy hook. In some 
places there are regulations against passing the guy aroimd the 
pole, in which case an eyebolt through the pole is the method 
used. Where the angle of the guy is steep the downward 
component on the bolt is likely to crush the wood of the pole 
unless special means are taken to reinforce that point. 

Attachment to buildings may be made with a wall strap as 
shown in Fig. 262 (c). Where the guy teiusion is heavy, especial 
attention should be paid to getting a secure anchorage to tire 
wall. Sometimes an eyebolt passed through the wall smd seciired 
on the other side can be used for this purpose. 

Where a guy must be atta<died to a tree, the tree should be 
protected from damage as shown in Fig. 252 (d). 

Wherever a guy passes through an eyebolt or the eye of an 
anchor rod it should be protected by a metal thimble. Other¬ 
wise the strands will spread under the tension and will be une¬ 
qually stressed, the strei^th of the guy being thereby reduced. 
Oare should be taken not to get the thimble of such a lazge cross- 
section compared with the size of the guy wire that it does not 
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have the desired retaining effect. Anchor-rods and eyebolts 
are sometimes forged into thimble shape for this purpose but 


B/eboJI- Thimble 


(ex) Arm Gyy 


'•6erv0 





]Fia 252.—Attachment of g:u 3 ''s. 

unless the shape is such a,s to prevent the strands from spreading, 
the spee^ eyes are not effective. 

Two methods are commonly used for securing the end of the 
guy wire after forming a loop through an eye, an insulator, or 
around a pole, t.e., serving and clamping. In s&rmng, the strands 
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of the wire axe separated and wrapped separately around the 
“standing” part of the guy, as indicated in Fig. 254 (o). 

Two general types of cZamps are in common use. One consists 
of two plates fastened together by bolts, with the guy wire 





(o) Guy Hook- 

7x0. 253.—Guy shim, plate, and hook. 

held between them. The ordinary three-bolt clamp. Fig. 254 (6), 
is an example of this type. These are someldmes made with the 
plates having grooved or corrugated surfaces or waved surfaces, 
etc., with the idea that they will grip tihe wire better or may 
have a snubbing action. Such shapes, however, may defeat 
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their own purpose The holding power of the clamp depends 
largely upon the friction between it and the wire and a plain¬ 
faced clamp will usually have more bearing surface on the wire, 
and hence more friction, than one with corrugations. Wave¬ 
shaped plates may be quite effective with some sizes of guy wire 
but the larger, stiffer wire caimot be readily bent to conform 
with short waves, especially when the clamp is applied with the 
guy under tension, which is qmte often the case. 




(b) 5 Bolt Clamp and Serving 



(c) Crosby Type Clamps (2) 

Pio. 264.—Serving and clamping 


The other type of clamp is quite commonly designated as a 
Crosby clip,” also as a “guy clip,” and as a “wire rope clamp.” 
It consists essentially of a short plate (usually with spiral grooves 
to fit 1h.e strand), and a U bolt, see Fig. 254 (c). These are very 
effective clamps but are somewhat more difficult to apply and 
tighten than the type mentioned above, especially m the smaller 
sizes. In assembling them on the wire, care should be taken to 
have the plate against the standing part of the guy and the 
XT bolt against' the end portion, see Fig, 254. The U bolt bites 
into the wire somewhat or at least distorts the strands and if 
placed against the sianding parts on which the main tension is 
held, it is likely to w^deen the wire. 

Mi^ire 255 shows the National Electric Light Association 
S^m^ested sta nd ard for three-bolt damp and guy clip. 
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Two or more clamps of either type may be used if the tension 
in the wire warrants it. Usually the end of the wire beyond the 
clamp IS served up somewhat to fasten it down and also to add 
to the strength 

Other types of clamps are made, such as the various forms of 
boltless clamp. These latter have never found very general use 
probably very largely on account of the fact that they usually 
depend upon the guy remainmg under tension in order for them 





3 Cl 


*-/«-> 

4 2 " —♦ 

-^ 

S'' - 

—* 


fa) 3 Bolt Guy Clamp 




Fiq. 265 —Qiiy clamps. 


to remain in place. The guy is quite likely to ^Lack off at times 
as the pole moves in the wind. 

Some tests made on various types of guy clamps showed that 
it was unusual for a single damp to be able to hold the connection 
without slipping imder heavy stress. The same is true of a 
serving In most cases however, after the connection had 
slipped up against the thimble, it held so as to break the wire. 
One clamp and an additional short serving was found of practi¬ 
cally as great strength as the wire. Standard strand was used in 
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the test. For higher strength strand the strength of the connec¬ 
tion should be increased accordingly. 

Guy Insulators.—It is usually a good policy to insert at least 
one insulator in a guy to prevent the part of the guy attached 
to the pole from being at ground potential under normal condi¬ 
tions or if broken. This is a protection for men working on linpi 
circuits on the pole, for the pubhc, and also sometimes prevents 
accidental interruptions to circuits. For adequate protection, 
the insulator should be far enough out from the pole to be beyond 
easy reach. A minimum distance of 6 ft. is advisable where 
practicable. The insulator also should be out of reach of a 
person on the ground, i.e., 8 or 10 ft. aboveground. It is prefer¬ 
able also that it be placed where it will not swing within 8 ft. of 



the ground in case the guy breaks at or near its lower end, see 
Fig. 256, although it should, at the same time, be low enough to 
be below any point where it might come in contact with a live 
circiut. The reason for this is, obviously, to protect the public 
in the case when the upper end of the guy is most likely to be in 
contact with line circuits. In some cases, two insulators should 
be used for adequate protection, such as where the guy crosses 
over or under other supply conductors in such a way that, if 
<dther the conductors or the guy should break, contacts would 
be lijce!^. An insulator each side of the exposed section is 
advisable. In general, care ^ould be used to have enough 
in su la tors and so ananged that the public, the circuits, and 
workmen on the pole will be as effectively protected as possible 
under all conditions which may be reasonably expected. 

Protectors.—^Where a guy comes withm 8 ft. of the ground 
(an anchor guy for example) the lower portion should be made 
more visible as a protection against being run into by persons 
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or vehicles. This is sometimes accomphshed by slipping a 
piece of pipe over the wire. Special protectors are available for 
t-liiw purpose which are convement to install after the guy is 
m place Figure 257 shows the application of these protectors 
and two commercial types. 



Fig, 257.—Guy protectors 

Clearances.—Clearances for guys were included in the tables 
given in Chap. XXIII. 

Anchors.—The proper selection of a ground anchor for an 
anchor guy is one of the most important features of the guying 
problem. It is also one about which there is comparatively 
little accurate information available. Soil conditions are 
extremely variable, even in the same general locality, and 
conditions change somewhat with the seasons. It is obvious 
that the anchor should have at least as much holding power as 
the strength of the guy with which it is used. Holding power 
in this case should mean the load at which the anchor moves 
appreciably, not its ultimate strength, for if the anchor gives up 
any considerable amount, the guy slacks off and damage may 
be done. With the present hmited knowledge of the action of 
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anchors under various conditions, a good safety factor is 
advisable. 

The theory of the holding power of an anchor is not well 
established. It is sometimes assumed that the holding power 
of the anchor is equal to the weight of a cone of earth whose 
apex is the anchor and whose sides are at the slope of the natural 
angle of repose of the soil, see Pig. 258. This would probably 
be approximately true if the area of the anchor were big enough. 
However, it will be found in testing anchors, that the surrounding 
earth is usually not disturbed until the anchor has been pulled 
out to within a comparatively short distance of the surface. 
The cone action then takes place. The explanation would seem 


Surface 



(a) Cone of Earth Theory (h) Bea ring Value 


Fio. 258 —Holding power of anchor 

to be, obviously, that the soil has a certain bearing value per 
square inch of anchor surface. When this is exceeded, the anchor 
win move through the earth. If the weight of the cone of earth 
above it is less than the bearing strength of the soil on the 
anchor, the cone theory will apply. If the weight of the cone is 
greater however, the holding power of the anchor will depend 
largely on its area multiplied by the umt-beaiing value of the 
s«hI (I^. 258 (6)). This is the more usual case. Other factors 
also ^t^ the problem, such as the shape of the anchor and the 
oonditi<^ of the soil whether wet or dry, packed or loose, disturbed 
enr undisturbed, etc. No definite values can be given for soil 
bearing for anchors. Some 'tests observed have seemed to 
hMfioate valu^ of about 75 lb. per square inch for some soils, 
such as loose dry sand, whereas finer, hard-packed sand ■with 
more moisture has shown values above 300 lb. per square inch. 
C3ay does not seem to have as good holding power as sand when 
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it IS wet (and that is the condition which must be assumed for 
certain seasons of the year at least), the values observed being 
not much greater than 75 to 100 lb. per square inch The follow¬ 
ing values are given m “Foimdations of Buildings and Bridges” 
by Jacoby and Davis, for allowable bearing values of various 
soils as averaged from the building codes of 40 lai^e cities. 
They are allowable values and are probably not less than one- 
half of what actual values will be found by test. Also the Hparing 
for foundations may be somewhat different than that for anchors. 
The figures are given for comparison however. 

TabiiB XLV — AijIjOwabliB Bearing VALtiEs for Foundations—Average 
OF Bttidding Codes of 40 Cmss 

Tons per 
Square Foot 


Quicksand and alluvial soil . 0 5 

Soft clay 1 

Moderately dry clay, fine sand 2 

Finn and dry loam or clay . 3 

Compact, coarse sand or stiff gravel 4 

Coarse gravel 6 

Gravel and sand, well cemented 8 

Good hardpan or hard shale 10 

Very hard, native bedrock , . 20 


It is not intended that these values be assumed as even typical. 
Independent tests on anchors imder local conditions are to be 
recommended as a basis for making a proper choice. 

Types of Anchors.—A type of anchor commonly used, espe¬ 
cially where the load is heavy or the soil soft or where more than 
one guy is to be attached, is the dead-man. It consists of a 
sound log, a block of concrete, or a steel member of some sort, 
that will give the desired bearing area, with the anchor rods 
attached to it. Figure 259 (a) illustrates a dead^man. and the 
proper method of installation. 

For anchoring each guy individually (and this is a good general 
practice) so-called ‘^patent anchors” of various kinds have oome 
into quite general use. Although there are any numbeo: of 
different kinds on the market they fall into four general classes 
as follows: 

1. Ex'panding. An<du3Ts .—^These are deigned to be set in a 
tpriall hole (6 or 8 in. is common) and be expanded, by pounding 
the anchor or twisting the rod, to a much larger area, ]^. 259 (6). 
Their value lies in being able to thus get a definitely determined 
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bearing area of reasonably good size, a large part of which is m 
undisturbed earth. The tamping of the earth in the hole does 
not play as large a part as in some tsTpes of anchors, although it 



does add to the holding power if the soil is well packed in the 
hole. 

2. Plate Anchor, Fig. 259 (c).—This tjrpe is similar in principle 
to a dead-man. The hole is dug at approximately right angles 
to the line of the guy, the anchor rod driven in at the desired 
point, and the plate placed on the end of the rod. It has the 
advantage of having practically all of its bearing on undisturbed 
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earth but is somewhat harder to install than some of the other 
types. 

3. Cone A.nchors, Fig. 259 («Q.—The anchor is a casting in the 
form of a cone. It is installed in a hole of the same diameter 
as the anchor. About cu. ft. of broken stone is tamped in on 
top of the cone. The holding power depends on the action of 
the cone forcing some of the stone out into the surroundix^ earth, 
increasing the effective area of the anchor both in projected area 
at right angles to the direction of the guy and also in its wedge 
effect. For best results the stone should not be too fine (3 in. 
size has been found satisfactory). This type of anchor is 
suitable for many locations but is not so well adapted to very 
hard soils, where the stone has not the chance to spread, or to 
very loose or wet soils, where the stone may spread too easily. 
In such locations if the stress is heavy, troubles may be found 
with creepage even where the initial installation appears solid. 
The 8 in. size is the most commonly used but larger sizes are made. 

4. Screw Anchor, Fig. 269 («).—^This type is screwed down into 
the soil without digging a hole. Sometimes a special key is used 
for the purpose which fits over the rod and engages the head; 
sometimes the rod is made large enough to withstand the torsional 
stress of installing the anchor. It has the advantage of eBminat- 
mg the digging of a hole, which may be especially desirable in- 
some locations, such as in a customer’s lawns. It also may be 
installed under water or in marshes, where a hole cannot be dug. 
In hard soils, however, it is often rather difficult to install unless a 
pm^.11 leader” hole is dug. Its area is necessarily somewhat 
limited by the size which can be screwed into the earth. The 
most commonly used are 6- and S-in. sizes. 

Anchor rods for attaching the guy wire to the anchor are made 
in various sizes from to 1 in., ^ in. being probably the mc^t 
used. The size of rod should be gauged somewhat by the 
strength of the guy with which it is used or which may later be 
attached to it. As a rule the length should be not leas than 6 ft, 
in order that the anchor may be buried deep enough to develop 
its strength. The rod should be galvanized. 

Anchorages in rock are made as shown in Kg. 259 (/). 

Push Braces and A Frames.—^Althou^ not classed as guys, 
wooden structures, such as poles with wooden push brac^ or A 
frames, are sometimes used instead of guyed poles where gU 3 rs 
are inconvenient or impossible to install. Figure 260 sho ws typi- 
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cal examples of such structures. They are sometimes useful on 
long curves where every pole or every other pole would otherwise 
have to be guyed, especially where the guye must cross the road 



and stubs on the other side would be necessary. One difficulty 
in their use in some places fe the necessity for jetting locations 
for two poles instead of one. The A frame, although somewhat 
more sightly, is limited in strength and if properly constructed 
will probably cost more than an equivalent guy. 



CHAPTER XXV 


TRANSFORMER INSTATTATIONS 

Transformers constitute the most usual type of heavy load, 
except wire loading, which distribution hne poles are called upon 
to support. There are certain features of the mechanical design 
of transformer installations which are worthy of careful attention, 
especially for the heavier sizes. These will be pointed out briefly 
in this chapter. 

The transformer imposes a vertical loading on the pole which 
acts as a column to support it. The pole should of course be of 
sufficient* cross-section to withstand this loading, taking into 
consideration the fact that it is a more or less slender column. 
The strength of poles in this respect was discussed somewhat in 
Chap. XVI and a column formula given. The slenderness eflect 
in the column is aggravated in the case of a transformer hung on 
cross-arms by the fact that the load is excentiic to the axis of the 
pole. Allowance should be made for this in computing the unit 
stress in the pole, an ample safety factor being a simple method 
of taking account of it. As a rule there is little difficulty in 
obtaining sufficient pole strength in this regard with the sizes 
of poles ordinarily used. The following rule has been found to be 
quite satisfactory on one system 

Transformer Size Mimnnim Pole Size 

to 15 kv-a., single-phase . . Class C 

25 to 50 kv-a., single-phase , - Class B 

75 to lOO kv-a., single-phase - Class A 

5 to 25 kv-a , three-phase • Class B 

37 to 100 kv-a., three-phase Class A 

The weight of the present designs of distribution transformers 
is approximately as given in Table XLVI- 

Cross-arm Moimting.—The smaller sizes of transformers— 
up to 60 kv-a. at least—are commonly mounted on the side of the 
pole on cross-arms or their equivalent. Fignr® is a typical 
example of a simple mounting for a light transformer. In looking 
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Tabub XLVT.—^Approximate Weights op Distribtttion Transpobmbksi 

(with Oil) 


Kilovolt¬ 

amperes 

Single-phase 

Three-phase 

60 cycle 

25 cycle 

60 cycle 


6,600 I 

volts 

1 

Up to 
4,800 
volts 

6,600 

volts 

Up to 
4,800 
volts 

6,600 

volts 

m 

180 

250 

265 , 

235 



3 

285 

276 

395 

395 



5 

295 

390 

470 

406 , 

440 


7H 

400 

410 

515 

445 

535 


10 

415 

430 { 

675 

605 

765 

790 

15 

540 

590 

785 

720 

850 

965 

25 

815 

875 

1,195 

1,230 

1,390 

1,430 

37K 

1,060 

1,010 1 

2,095 

1,480 

1,520 

1,490 

50 

1,250 

1,330 

2,250 

1,660 

2,160 

1,860 

75 

1,575 

1,630 

2,640 

2,570 

2,510 

2,900 

100 

1,760 

1,790 

3,550 

2,870 

2,530 

3,450 

150 

3,030 

3,480 

4,540 

4,190 

3,610 

4,450 

200 

3,320 

3,700 

5,930 

4,670 

4,160 

5,000 


1 These are the weights listed by one manufacturer only and are given as an example. 
The weights of transformers made by other manufacturers will be somewhat different, but 
the above are typical 



oveu the details of the construction, the following points may be 
noted as requiring investigation of the strength of the parts. 
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especially wlien th.e weight of the transformer is considerable. 
It must be remembered that the full weight of the transformer 
is transferred to the pole through the various mechanical 
connections. 

1. Searing of transformer hanger on the cross-arm.—The 
width of the hanger should be such that its bearing surface on the 
arm will be large enough to prevent crushmg of the wood, taking 
account of the fact that the load is probably not uniformly apphed 
over the width of the arm. The ultimate bearing value of fir 
under such loading (across the grain) is given as 800 lb. per square 
inch, of yellow pine 1,000 lb. per square inch. 

2. Strength of the cross-arm actmg as a beam, loaded at the 
points of bearing of the transformer hangers and supported at the 
through bolt through the pole and at the points of attachment of 
the braces.—^Where flat cross-arm braces are used, it is somewhat 
doubtful whether they will take their full share of the load on 
account of their flexibility. In such cases it is probably safer to 
assume that the cross arm through bolt takes at least 75 per cent 
of the total load. 

3. Bearing value of arm on through bolt.—^The arm may be 
assumed to have uniform bearing on the bolt, i.e., W/dt, 
where 

W = load 

d = diameter of bolt. 
t = thickness of cross-arm. 

Bearing value of wood as given above in (1). 

4. Bearing value of bolt on pole.—^This was discussed in Chap. 
XVII under cross-arm strength and need not be repeated here. 

5. Where heavier braces, such as angle irons, are used, which 
will assume their full share of the load, the faring values of 
brace bolts on cross-arm, and through bolt or lag (where brace 
is attached to pole) on pole must be considered. 

For heavy transformers, some means must usually be adopted 
for reinforcing the connection to the pole (some typical examples. 
Fig. 262). The plain double arm is not to be recommended as it 
will be little if any stronger than a siz^e arm under such loading 
(see Chap. XVII). 

From the standpoint of strength of poles and stability of con¬ 
struction, the lower a transformer can be hung on a pole 
the better. On the other hand, the higher it is, the less likelihood 
of its being tampered with by unauthorized persons, also, in 
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general, the neater and more compact the installation can be 
mnHo A >iigb installation is particularly necessary where joint 
construction with commumcation lines is practiced or where such 


n n 



(a) Double Arms (only) (b) Frame,Including Heel Arm 



(ojHeavierartn mihZ Bolts (d)SupportingBlockandAn^jlelronBrace 



(e) Double Arms with Supporting Blocks and Braces 
Fxo. 262,—Reinforoexaent of support for heavy transforiaers 


lines pandlel or cross the location, even though not attached to 
the pole. Some companies carry the transformer on the top 
cross-arm of the pole but this is a rather inconvenient location for 
installation or maintenance if the transformer is a large one. 
Figure 263 (a) diows a t 3 ipieal installation on the top arm, Fig. 
263 (6) one on a lower arm. The former is convenient for use on 
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farm lines where only one primary circuit will ever be carried 
and transformers are small. 




Figure 264 shows a typical installation of a three-phase 
transformer. 
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Figure 266 shows a three-phase instaUatiou using three single¬ 
phase transformers. 

Figure 266 shows a single-phase installation on side-arm poles. 
Platforms.—Transformers which are too heavy to be safely 
supported on cross-arm construction may be installed on plat- 



264 —^Typieal transformer installation—three-phase transformer. 


forms. A platform is also a convenient support for use where 
more than one transformer is needed, such as three-phase installa¬ 
tions with single-phase transformers (except with small sizes). 

The ordinary platform construction consists essentially of two 
(or more) poles supporting a pair of beams upon which a flooring 
of some sort is laid to carry the transformers, see Fig 268. The 
points whose strength must be specially considered are: 
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Arm Bnstce 



With smali Transformers 
supports may be omitted 


Fia, 266 —Typical transformer installation—three-phase with sinsle-phase 



Fig, 266 —Typical transformer installation—side arm. 
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1 The Beams. —These are made either of wood timbers, 2 by 
12 in., either singly or double as required, or 4 by 12 in. are con¬ 
venient sizes, or steel structural shapes. A steel channel is 
probably the most suitable shape. The size of beam required 
of either material may be determined by the usual beam formulse 
(see Chap. XXX). 

2. The Povrds of Attachment of Beams to Pole. —The full load 
assumed by the support (one-haif the total weight carried if only 
two poles are used) is transmitted from the beams to the pole 
through the bolts used for the connection. Sufficient bolts must 
be used so that their bearing stress on the wood of the pole (and 
the beams) does not exceed the allowable bearing strength 

of the wood (6,500 lb. per square inch 
ultimate end bearing on cedar). Figure 
267 indicates approximately how this 
stress is distributed over a cross-section. 
It is sometimes desirable to give more width 
to the platform by not attaching the beams 
to the pole, but supporting them on cross¬ 
members, see Fig. 271. The same theory 
holds true however, i.e., sufELcient bolt 
bearing area must be provided to carry the 
load, either m beam bolts, cross-beam sup¬ 
port bolts, or brace bolts. It may be 
possible in some cases to gain some support by setting the beams 
or cross-beam supports into “gains” in the pole but this practice 
is usually not an advisable course, for if the gains are made deep 
enough to be of much assistance, the pole may be considerably 
weakened. 

In some cases of long platforms or those with unusually heavy 
loading, more than two poles are used as supports. 

3. The strength of the poles must be sufELcient to sustain the 
load as columns. Platforms are usually built as near to the 
ground as proper clearance permits, i.e., 12 to 20 ft. above ground, 
and, the effect of slenderness ratio is not so marked as for cross- 
arm installations. The sod bearing imder the pole may sometimes 
require attention if the loads are very heavy. 

4. SUMMty. —Cross-bracing between beams and knee bracing 
from beams to pole are sometimes advisable, especially with long 
platforms, in order to keep the structure from twisting out of 
shape. Intermediate spacer blocks between the beams, if prop- 



Fie 267.—Distnbu- 
tion of bearing stress for 
platform support. 
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Fio. 268.—Simple wooden, platform—no bracing. 
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erly placed, increase the stabihty as well as maintain the 
proper spacing. 



Fiq. 270 —Platform suggested in N.E la A. Overhead Systems Reference Book. 

There are many variations of the methods of obtaining the 
strength required at the points mentioned above- 



figures 268, 269, 270, and 271 give some typical examples of 
platform construction. Figure 272 is ^ small platform built 
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on a single pole for supporting a single transformer. It is often 
useful -with side-arm construction. 

Lightning 



Fig. 272.—One-pole platform. 


Accessories.— Fuses are usually used between the transformer 
and the primary line. They may often be conveniently mounted 
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on the same cross-arm on which the transformer is carried 
Figure 263 indicates such mounting. Figure 264 shows them 
mounted on a separate arm for a three-phase transformer 
in order to gain clearance for the primary leads from fuse to 



273.—Stroet-Iighting transformers on. platform, sbowing fuses mounted 

on beam 

transformer. On platform installations it is sometimes necessary 
to fuse each transformer separately. Figure 273 shows the fuses 
mounted on a beam over the transformers. 

lAghitutng arresters are quite commonly installed in connection 
with transformers. They are indicated on Figs. 263 and 264. 
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It is often convenient to mount them on the primary line arm 
close to the line to which they are connected, but some choose 
to mount them on separate cross-arms for better clearance. This 
is almost necessary for the large arrester used with higher voltages 
(6,600 and over). Some engineers prefer to mount them as 
close to the transformer as possible, often on the hanger arm, 
on the assumption that better protection is thus afforded. It 
is probable that on account of the short length of the trainer 
wire compared with the speed of a lightning surge, it will not 
make appreciable difference in the protection at which point the 
arrester is moimted. 

Tto/incT wives are shown on the various drawings of trans¬ 
former installations given. Trainers should be kept in either 
horizontal or vertical runs, not crossing the pole at an angle, 
should be held taut on insulators, with intermediate supports 
where the vertical drop is over about 8 or 10 ft., and should 
have the clearances from other wires and equipment as specified 
in Chap. XXIII. 

Grou nding .—Although the subject of grounding does not 
belong exclusively to transformer installations, it is mcluded here 
because more grounds are usually installed in connection with 
transformers than elsewhere on a distribution system. T.ig h fning 
arresters must of course be well grounded, with as direct a con¬ 
nection to ground as possible. It is customary to ground the 
neutral or midpoint to a three-wire, angle-phase secondary and 
also some point on a three-phase secondary if the voltage is not 
over 230 volts or thereabouts. Some companies make it a 
practice to ground transformer cases also. The electrical features 
of grounding were discussed in Chap. XIII. 

The best ground is usually a water system but thlR is often not 
available near a p>ole Une. A well casing or similar connection is 
also a good ground as a rule where available. For arrester 
grounds, dependence must usually be placed on driven pipes 
or rods and for grounding secondary neutrals these are also quite 
commonly used, even where water-pipe grounds are also present 
on customers’ premises. 

Soil conditions are so variable both with locarion and also with 
seasons that few definite rules can be given as to how a driven 
ground should be made. The only really satisfactory method is 
to test the ground resistance from time to time and if it is too 
high, take some measure to reduce it. The recommended maxi- 
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mum resistance of grounds as given by the Safety Code and the 
]^^^ational Electrical Code is as follows: 

For water-pipe coimections, 3 ohms. 

For buried or driven grounds, 25 ohms. 



Fio. 274,—Approximate variation in resistance of ground connection with 

diameter of rod 



Fig. 275.—^Approximate variation m resistance of ground connection with 

number of rods. 


Ground rods for driven grounds are made of galvanized pipe, 
galvanized solid-steel rod, or copper-covered steel rod—^the first 
and last types being the most commonly used. They vary in 
diameter from to l-in, pipes being ordinarily about % in. 
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and solid rods from ^ to ^ m. In length, they vary from 4 to 
10 ft or more, with the 6- and 8-ft. lengths the more common 

The resistance of a ground is not proportional to the diameter 
of the rod. A large part of the total resistance occurs in the 
soil surrounding the rod, hence the diameter of the rod is relatively 
ummportant. A J^-in. rod is only a little higher in resistance than 
a %-m. rod. Figure 274 shows an approximate curve of variation 
of total resistance with diameter. 

The length of rod necessary is, of course, dependent to qiute 
an extent on the depth at which moisture is found in the soil. 
Lengths less than 6 ft. are rarely advisable, while lengths over 



(a)Pipe andConnediontoit (b)Pigtail SoldenMi (c) Clamp 

on «n Shop 

Fig 276 —Connections to ground rods. 

10 ft. are relatively hard to install. An 8-ft. length is quite 
satisfactory for average conditions where the soil is not unusually 
dry. 

The resistance of the ground may be reduced by installing 
more than one rod. Figure 275 indicates approximately the 
variation of resistance with number of rods. Rods should not 
be installed close together. A separation of at least 1 ft. should 
be used and more is preferable up to 4 or 5 ft. where possible. 

Treating the ground around the rod to decrease its resistance is 
often resorted to. This consists of salting the rod with com¬ 
mon salt, calcium chloride, copper sulphate, etc., or packing 
coke or charcoal around it. The salting is for the purpose of 
attracting and retaining moisture, thereby increasing the conduc- 
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tivity of the soil. It is sometimes done by digging about the 
rod for a foot or so radius and a foot or so depth and filling the 
hole part full of salt- sometimes by placing the salt in a vertical 



pdpe tile alongside the rod. One objection to salting is that 
the salt di^tolv^ and leaches away in time, requiring renewal 
at regular periods if its effectiveness is to be maintained. Another 
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IS that some kinds of salt, such as common salt (sodium chloride), 
are likely to increase corrosion of the rod Copper sulphate is 
free from this objection but is quite expensive. The action of 
coke or charcoal is to increase the effective conducting volume 
rather than to attract or retain moisture. Coke is subject to the 
objection that it is likely to have a sulphur content which will 
increase corrosion in the rod, even a copper rod Charcoal is 
free from this objection 

The connection to the rod should be carefully made Copper 
wire (not smaller than No 6 and preferably larger) should be used 
down the pole and either a soldered or sohd clamped connection 
made to the rod A field job of soldering the wire to the outside 
of the rod after it is driven is difficult and usually not satisfactory 
Figure 276 (a) shows a connection used with good results with a 
pipe. The end of the pipe should be tinned inside and corked 
before being taken out on the job. Figure 276 (6) shows a pig¬ 
tail soldered on the rod in the shop, connection being made to the 
pigtail in the field. Figure 276 (c) shows a clamp connection 
used with copper-covered steel rods. 

The ground-connecting wire down the pole should be covered 
with an insulating covering, usually a wooden molding, for at 
least 8 or 10 ft up from the ground as a protection to the pubhc 
(Safety Code specifies 8 ft ). It should also be similarly protected 
where it passes through space occupied by communication circuits 
or other supply circuits or equipment, a good practical rule being 
to cover it from at least 6 ft. below to at least 4 ft. above such 
conductors, see Fig 277 



CHAPTER XXVI 


UNi:>ERGROiJ]sri:> construction 

It was stated previously that in this book it was intended to 
stress particularly overhead line construction as being the most 
commonly used. It is felt, however, that for the sake of com¬ 
pleteness some attention should be given to the major features 
of underground construction. These cannot be covered in any 
great detail—^to do so would require a volume in itself and the 
subject has been treated in other books such as ^'Underground 
Transmission and Distribution'^ by E. B. Meyer, and "Under¬ 
ground Systems for Electric Light and Power," by F. C. Ruhling 
It IS intended only to indicate some of the chief points to be 
considered in underground work. 

Conduit.—^Probably the majority of underground cables 
installed in this country are installed in conduit. Cable so placed 
IS much more convenient to work with in locating faults and 
making repairs, especially'in congested districts. 

The choice of location of a conduit to be run in a street or alley 
should be such as to conform best with the following reqmrements: 

1. To avoid where possible surface obstructions to digging the trench, 
such, as trees, poles, posts, iSre plugs, etc. 

2. To avoid subsurface obstructions to the trench and the conduit itself, 
such as gas piping, water piping, steam piping, sewers, conduit of other 
utilities, tunnels, vaults, etc., see Pig. 278. 

3. To avoid cuttmg pavements more than is necessary. 

4« To avoid as much as possible obstructmg street trafiic during con- 
strucimon and in future work in and around manholes 

3. To avoid curves and bends in the conduit as far as possible. 

6- To avoid injury to the conduit by other utihties in mamtaining their 
property. 

Ducts vaxy in size from 2 to 6 in. in diameter, 4 in. being a 
commonly used size which is suitable for most of the cable ordi¬ 
narily used in. distribution. The number of ducts used in a con¬ 
duit run depend on the requirements and the space available. 
It should be kept in mind in choosmg the number of ducts and 
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their arrangement, that interior ducts cannot be used to full 
advantage on account of their smaller heat-radiating capacity, 
unless special means of ventilation is adopted. 

Figure 279 shows typical arrangements of ducts of various 
numbers in a conduit. The ones marked “ordinary” are the 
preferred arrangements, the **special” ones being used where 
space is limited or other conditions make it desirable. The fig¬ 
ures in the duct positions indicate the continmty of each duct if 
change is made from one arrangement to another between man¬ 



holes, a duct going from position 1 in one arrangement to position 
1 in the other, etc. 

Figure 280 indicates the spacing and arrangement of ducts 
used by one company at entrances to manholes, the change from 
the arrangement in the run being made in order to facilitate the 
training of cables around the manhole walls, by spreading them 
somewhat. The change should be made gradually, starting at 
least 6 ft. back. 

Conduits are constructed in several different ways as follows: 

1. Tile ducts with an envelope of concrete around the outside of the 
conduit. 

2. Fiber ducts cast in a body of concrete. 

3 Monolithic conduit with the ducts formed by coring 







Ordinary 


16 Ducts 


12 Ducts 

Fia 279.—Arrangement of ducts in a conduit. 

gravel (1 in. screen), 1 part Portland cement or 6 parts 1-in, 
crushed limestone, 3 parts sand, 1 part Portland cement. 
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Figures 281 and 282 indicate typical cross-sections of tile and 
fiber duct conduits. 



1st Step 2nd Step SrdStep Plan 

thmi^ ^op 

Fig. 281 —Construction of clay (tile) duct conduit. 

Fiber conduit is probably more used at present for electrical 
distribution than either of the other types. 


-- 
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The depth of the condmt below the surface shoudd be sujBBlcient 
to avoid iuterference by shallow excavations, driven points, etc. 
The following minimums to the top of the conduit are suggested: 


Inches 

Below pavement (surface) . . 30 

Below dirt surface parallehng pavement (including similar 
locations on streets as yet unpaved) . . 36 

Below unpaved street or alleys (allow for 30 in. below 
probable future pavement grade),. .36 

Below sidewalks . 36 

Below dirt surface on private rights-of-ways, customers* 

premises, etc. 30 

Below driveways on private rights-of-ways, customers’ 

premises, etc. . .36 

Below street-railway tracks (base of rail) . 24 

Below steam or electrified railroad tracks (base of rail) 42 



IsfStep 



2nd Step 



3nd Step 



4th Step 



5th Step 
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' Fio. 282.—Construction of fiber duct conduit 



RnlshedCbnduit 


Naturally much greater depths than these will often be neces¬ 
sary to avoid obstructions or to maintain a grade. 

The conduit should be graded evenly from manhole to manhole, 
at a slope of not less than 4 in. per 100 ft. Grading both ways to 
manholes from a hi^ point in between should be avoided if 
possible. 

The excavation for the trench should be so made that the con¬ 
duit will rest on solid undisturbed earth. If the earth is soft or 
3 delding, it is often advisable to use steel reinforcing in the con¬ 
crete envelope on the bottom of the conduit. 
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When fiber duct is used it is sometimes laid up tier by tier on 
spacers, the concrete being poured on each tier before the next 
is added. Another method is to lay up the whole duct structure 
with horizontal and vertical spacers, tie it in place, and pour 
the concrete afterward. Figure 282 shows the steps of the first 
method. 



Laterals to cable poles, where the cable goes to the overhead, 
usually terminate in 90-deg. bends of fiber or iron pipe (called 
“sweeps*’)- Such an installation is shown in Fig. 283. 

Manholes.—^Manholes must be placed along the conduit at 
such distance apart that the cable may be conveniently pulled 
in between them. It is well in locating manholes to consider 
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possible branch or intersecting hnes of conduit, placing the man¬ 
holes where they can be used for such lines if necessary. 

Manholes are built of various sizes and shapes, according to the 
purpose for which they are intended. Probably the most com¬ 
mon form for general use in handling cables is the elliptical. 



Clevafion Section BrB 
(a) Straight Manhole 


Plan 

(b) 90*Manhole 
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(o) Offset Manhole 


Plan 

(d) 3 Way Manhole 


Fig. 284 —Typical manhole shapes. 


either with curved sides or eight-sided of similar general shape. 
The cables enter at the end and train around the walls on either 
side. Such a shape is indicated on Pig. 284. Other shapes 
whose purpose is evident are also shown on Fig. 284. Manholes 
for installation of transformers or other such equipment must 
usually be larger and specially shaped for the purptose. 
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The manhole should be deep enough to allow the lowest duct 
to enter not less than 1 ft. above the floor. The headroom should 
be suflSicient to allow the highest duct to enter not less than 1 ft. 



below the ceiling The clear headroom for working conditions 
should be at least 6 ft., 6 m. in manholes where frequent work 
IS done and at least 4 ft. in any type 



Fig- 286.—Typical concrete znanhole wall. 


TTtie bottom of the manhole should be high enoTigh that a 
drmn to an adjacent sewer system will be effective in keeping it 
free from water The drain should have a slope of at least 0.4 
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(b) Sidewalk Manhole 


(c) Section of Roof 


Fio- 287.—Typical brick roof 


be used, sumps are sometimes installed under the manhole floor 
to care for ordinary seepage, etc. 

The fiooT of the manhole is usually made of concrete and shotild 
be not less than 4 in. thick. 

The waZZs of the manhole may be built of brick, concrete, con¬ 
crete block, etc. Brick walls should be at leatst 8 in. thick for 
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manlioles near the surface (say not over 10 ft. deep) and 12 in. 
for deep manholes Figure 285 shows a brick-wall manhole. 

Concrete walls should be not less than 6 in. thick for manholes 
near the surface and 9 in. thick for deep manholes. It is advisable 
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Section of Roof 

Fia. 288 —Typical concrete roof 


to include some steel reinforcing in the walls, especially for ^rge 
manholes. Figure 286 shows a concrete-waU manhole. Con¬ 
crete walls must be built with the use of forms. CoUap^le 
forms are sometimes made which can be i^ed repeatedly. One 
obieetion to concrete walls for manholes is that ^ey mt^ he 
allowed a certain time to harden and in streets where traffic is 
heavy, the delay is sometimes a disadvantap. 

Condtdt entrances should be constructed with the object ^ 
facilitating the training of cables. Figure 285 mdicates one type 
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of entrance. Porcelain duct bells are sometimes used at the 
end of the ducts to form a smooth surface which will not damage 
the cable. 

The roof of the manhole is sometimes made of brick carried on 
steel (old rail is a convenient form), or of reinforced concrete. 
Figure 287 shows a bnck roof. Fig. 288 a concrete roof. The 
concrete roof is subject to the same objection as the concrete wall. 






i 



A 

A 

“a a 

[8\ 

M H Number y 

h 

<— ladc/er- Jj 



liBS 

9B 

mmi 


nnlMl 
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Fig. 289.—Typical chimney 


An opening must be left in the roof for access to the mnnhftiQ 
A chimney connects the manhole with the smface. This chimney 
may be built of brick or concrete, not less than 6 in. thick. 
It should be of such a diameter as to accommodate the cover to be 
used at the surface, and if of any considerable height, should taper 
somewhat. Figure 289 shows a t 3 T>ical chimney. 

The cover used at the surface is usually made of cast iron, 
malleable iron, or steel, and set in a frame of similar material. 
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Sometimes covers wliich. are infrequently removed are made of 
reinforced concrete. The cover should be not less than 26 m 
in diameter to allow easy access for a man, and 30 in. is a prefer¬ 
able size. Larger sizes are sometimes necessary to allow access 
of equipment such as transformers. A typical cover is shown on 
Fig. 290. 

Cable standards or racks bearing arms for supporting the cables 
are attached at intervals along the walls A maximum spacing 



of 4 ft. is usually advisable. They should be placed so that the 
bottom cable is 12 in. at least above the floor and the top cable 
at least 12 in. below the ceiling. These standards are made of 
oast iron, malleable iron, or steel and are of various designs. 
Figure 291 shows a typical installation. 

Another essential piece of equipment for a manhole is a ladder, 
usually made of galvanized steel. 

Figure 292 shows a perspective of a typical brick manhole. 

Cable.—Lead-covered cable is the most generally used for 
underground construction, although cal>les with non-metallic 
sheaths are used to some extent. The insulation arotmd the 
conductors may be of impregnated paper, rubber, or vamirfied 
cambric. Paper-insulated cabl^ are probably more usual for 
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piimary voltages. For secondary voltages paper insulation 
may be also used, particularly in long runs, such as direct-current 
feeders, but where the ends are exposed, as at service entrances or 
in Junction boxes, unless sealed in some way moisture is hkely 
to enter and damage the insulation. Rubber-insulated cables 
are more suitable for such purposes. 



Ducts Same Level Elevation Ducts Different Levels 



(c)De)ait6 

Fig. 291 —Typical installation of cable standards. 

Single-conductor cables are used where the conductors are 
very large, such as direct-current feeders and large mnina^ for 
street-lighting circuits, for feeding distribution transformers, 
and for secondaries in many places in connection with secondary 
networks, and other underground distribution where numerous 
branch joints are made. Some attention must usually be paid to 
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induced voltages and currents in the metal sheaths when single¬ 
conductor cables are used with alternating cmrent. This diffi¬ 
culty IS avoided with multiple-conductor cables and such are 
generally preferable where they can be convemently used. 

bastallation.—Every precaution should be taken m installing a 
cable in a duct run that the sheath is not abraded or otherwise 



Fig 292,—Perspective of typical brick manhole. 


injured. The surface should be lubricated to facilitate pulling 
into and out of the duet—grease or soapstone are used for this 
purpose. Short kinks or bends in the cable, should be avoided, 
i.e., any bends should have a radius not less than 12 in. for cables 
less than 1 in. in diameter and 20 in. for larger cables. 

Where buried cable is used (not in conduit) the cable is usu^y 
protected by an armor of steel tape or its equivalent. It is 
buried in a trench, preferably at least 2 ft. deep, and is often 
further protected from damage by la 3 ilng timbers or slabs of 
concrete over it. It is a good plan on long buried cables to 
place monuments or markers of some sort at the surface over the 
cable, especially at comers and bends, to mark its route and 
facilitate the finding and repairing of faults. 
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Street-lighting cable in parkways between lamps is sometimes 
installed by pulling it in behind a special plough which forms a 
channel ahead of the cable and pushes the earth back in place 
over it. 

Joints.—Care in the making of cable joints is effort well repaid. 
Carelessly made joints are likely to be sources of trouble in causing 
failures and hence interruptions to service. The instructions 
below are quoted from the construction specifications of one 
company and are given as indicative of the precautions which 
should be taken and also the methods of carrying out the opera¬ 
tions necessary in making up a joint: 

INSTRUCTIONS FOR MABTNO 4,800-VOLT CABLE JOINTS 

Every cable splicer shall familiarize himself with the instructions given 
m the following paragraphs before workmg on any 4,800-volt cable joint 

1. General Precautions.—The following general precautions shall be 
observed m making joints in 4,800-volt cable. 

When cutting and remomng the sheathj belt insulation, fillers, etc., the 
utmost care shall be exercised to prevent cutting into or otherwise injuring 
the insulation to be left on the cable. 

All sharp edges or projections which might tend to penetrate or cause 
air pockets m the msulation shall be carefully removed from sheath bell, 
conductors, copper-sphcing connectors, etc. Great care must be taken 
not to file or nick the conductor itself in doing this. 

Befl%ng of sheaths, s^eadvng of conductors, and simzlar operations shall be 
done with fiber wedges and not with steel tools to prevent possible damage 
to insulation 

Every precaution shall be taken to prevent any fCLxngs, dvri, or moxsture 
being included m the insulation of the jomt. A very small amount of any of 
these is likely to cause failure of the joint when it is put into service. To 
this end be very careful to keep the hands and all tools and containers used 
clean and dry, not to expose msulating materials to the atmosphere more 
than necessary, to wipe off all surfaces carefully when there is any chance 
of their having accumulated dirt or moisture, using a clean cloth for this, 
and to heat insuXatmg compoxmd to the proper temperature for pouring 
over insulation or filhng the joint. (250®F. for tape-impregnating compound 
and for pure paradOBne for joint filling, measured by thermometer.) 

The greatest care should be observed in applying handr-wound insulalion 
to I^ve no air pockets which are possible sources of trouble in the finished 
joint. To this end aU surfaces of conductor or factory insulation shall be 
oarefuDy smoothed, insulating tape drawn tightly in winding, with especial 
attention to getting uniform lap and avoiding wrinkles, and tape-impreg- 
nating compound used freely on each layer to fill all possible voids. When 
applying tape in a direction opposite to the winding of the factory tape, the 
latter shall be drawn tightly and held with one hand until the first layer is 
apphed. 
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Conductors should he spread as httle as possible in making up the joint 
in order to avoid, the possibility of movement or wrinkles m the insulation 
In fUvng the joint with paraffine be sure that the paraffine is hot (260®F. 
measured by thermometer), that all air bubbles have passed off and the 
paraffine comes out clear before stopping, that the joint has cooled suffi¬ 
ciently before the next filhng is made, and that sufficient number of ffihngs 
are made to completely fill the joint. 

On account of close quarters in a manhole and the difficulty in readilv 
seeing all parts of the joint, use the little mirror very freely for carejul inspect 
twn during various stages of makmg up the joint 

Itemember that a little precaution will avoid a multitude of failures and 
possible embarrassments, and is infinitely easier than the repairs and 
replacements which are sure to follow its omission. 

Details of Opbbations (2 to 26, mcLXJsrvE) 

TJnder each of the types of 4,800-volt cable joints covered in the draivmgs 
and accompanying mstruction sheets ... the operations necessary in 
carrying out the work are indicated. The following paragraphs give 
in more detail the methods to be used and precautions to be observed in 
performing each of these operations where complete details are not given 
on the instruction sheet for the particular joint. Numbers given on these 
instruction sheets in connection with the various operations refer to the 
number of the paragraph herein m which that operation is described. All 
operations shown on the mstruction sheets are not repeated here, hence 
the instruction sheets and not these details of operations must he followed %n 
making up a joint. 

2. Train Cable.—Make the necessary bends only and place the cable as 
nearly as possible in the exact position it is to occupy after joint is made so 
that there will be a minimum amount of moving necessary durmg and after 
the operation of splicing. 

Adjust Tag —Loosen cable tag which has been attached by the cable- 
pullmg gang, and shde it back out of the way beyond the cable arm. If 
more tags are present than are necessary for the finished mstallation, remove 
the excess. 

3. Prepare Lead Sleeve.—Scrape or shave the outside of the sleeve for at 
least 2 m. at each end, with a shaving hook, in order to give a fresh surface 
to insure good union of the metals in wiping the joint. Smear the freshly 
shaved surfaces with stearme to protect them against the formation of the 
usual film of lead salts which tends to prevent a good union of metals. 

Slip Lead Sleeve on Cable —Slip the lead sleeve to be used over one of 
the cable ends and slide it back out of the way, beyond the cable arm. 

4. Establish. Center Line of Joint.—Choose location desired for joint, 
usually midway between duct faces in a manhole, and determine where 
center Kne of joint shall be. Mark by scratch on sheaths^of both cable ends. 

Cut Cable to Fit —In all of the 4,800-volt cable jomts, butt splices will 
be used on the individual conductors,, the conductor ends commg toge-^er 
at the center line of the joint. Before removing any sheath or belt insulation, 
saw off the cable ends square with the axis of the cable and so that the 
conductors will make a snug butt spHce, none behig too long or too short 
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but just fitting tightly- No cutting of conductors shall be done after 
sheath and belt insulation have been removed as in paragraphs 7 and 8. 
The joints m all conductors of a multiple-conductor cable should be opposite 
each other and not staggered. 

5. Measure Inches from Center I/ine.—The distance shown on the 
drawmgs, from the center line of the joint to the end of the sheath, is the 
distance after the sheath is belled out. Smce the bell is to be approximately 

in , the sheath must be cut in. longer. 

Crease Sheath .—The crease should be carefully made with the chipping 
knife, the lead being cut only part way through. 

6. Shave Cable.—The sheath for a distance of 2 or 3 in. from the crease 
(away from the joint) shall be scraped or shaved clean with a shaving hook 
in order to give a fresh surface to insure good umon of the metals m wiping 
the joint. 

Smear vMh Btear%ne all the freshly shaved surfaces to protect them against 
the formation of the usual film of lead salts which tends to prevent a good 
union of the metals. 

7. Remove Sheath Back to Crease.—^When cutting the sheath longi¬ 
tudinally, great care must be taken not to cut into the insulation underneath. 
Insert the knife tangentially with the mside curve of the sheath. Remove 
the sheath by pulhng apart with pliers. 

ends of sheath about in. using a fiber wedge for the purpose The 
pulling off of the sheath, if properly done, tends to form this bell. The 
edge of the lead should be exammed carefully and all sharp edges or pro¬ 
jections which might tend to penetrate the insulation of the cable removed 
by means of a knife. 

8. Remove Belt Insulation.—^The ends of the belt insulation should be 
cut off square m. from the end of the sheath, as shown on the drawings, 
and the belt insulation removed from there to the end of the cable. Great 
care must be taken not to cut, scratch, or otherwise injure the conductor 
insulation underneath in doing this. 

9. Remove Fillers.—The fillers should be cut off square as far in the 
crotch as possible and the fillers all removed from there to the end of the cable. 

10* Phase or match conductors of the two cable ends in pairs as indicated 
by a phasing test. Unless matchmg of phases can be done without much 
dislocation or twisting of the conductors, phasing should not be done in that 
joint alone, but should be cared for in other joints. In exceptional cases it 
may be necessary to take care of the phasing by rearrangement of the leads 
at the potheads in the station or on the cable pole. 

11. Remove Conductor Insulation.—^This insulation should be cut off 
square to the copper conductor at a distance from the end of the cable or 
center line of the joint, shown on the drawings, and removed from there to 
the end of the cable, care bemg taken not to scratch the conductor in so 
doing. To prevent the paper insulation becoming loosened or unwrapped 
in this or succeeding operations it should be bound with twine a short 
distance from the end before the cut is made. 

12. Fit Ends of Conductor in Copper Connector.—^The connector used 
should be of the proper size to fit the conductor with a close sliding fit with¬ 
out the necessity for spreading, A spht connector should close to within 
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^^4 in if properly fitted Wipe the ends of the conductor clean before 
inserting into the connector. Protect conductors against accumulation 
of solder by wmding on 8 or 10 turns of gilhng t-wme, starting about in, 
from the end of the copper connector. 

Sweat vfh Place —Use a small quantity of stearine for flux (no other flux 
permissible). Wipe the solder carefully with long pieces of cloth to remove 
any excess lumps or sharp edges and to thoroughly fill up the depression at 
the slot. 

The wipe should be made so as not to leave any sharp edges or irregulari¬ 
ties. If any such should occur however, they shall be dressed down with 
flint cloth, usmg great care not to score the conductor. Remove all dust 
or filings from the conductor and any exposed insulation. 

13. Spread the Conductors.—This should be done with a tool made of 
fiber, and not of steel or other hard material The conductors should be 
spread no farther than absolutely necessary, as such movement is likely 
to disturb the insulation. 

14. Apply Paper-tape Insulation.—^Keep the number of rolls sufficient for 
one joint in a clean dry pad which has previously been held over a flame to 
insure its dryness In cold weather the pail should be set m a pan con¬ 
taining sufficient parafiine at 250®F. (by thermometer) to keep the pail 
warm until the compound has softened enough to permit the rolls of tape 
to be easily unwrapped, not until the compound is fluid. Every precaution 
must be taken to prevent dirt or moisture gettmg on the exposed rolls of 
tape or the conductor insulation. 

Before applymg tape, any cloth or twine used to protect or secure the 
msulation underneath shall be removed Also before applymg tape over 
factory insulation, the outer layer of the msulation shall be removed The 
outer layer of insulation over which the tape is to be applied shall be drawn 
up tight and held with one hand while the first layer of tape is being wound 
on, one turn at a time This is of especial importance wherever the insu¬ 
lation underneath is wound m a direction opx>osite to that in which the 
tapmg IS being apphed 

Tape-impregnating compound shall be spread hberally over each layer 
of tape before the next layer is applied The tape shall be wound tightly 
and smoothly with a uniform lap and without wrinkles, ndges, or depressions. 
Hold the tape with a small clean cloth, drawmg it up tight, so that aU excess 
compound will be forced out at the edges. Secure the ends of the tape in the 
final layer by tymg tightly with twine. 

15. Separators.—A H in belt of impregnated paper tape should be 
wound around each of the conductors to hold them apart and allow the 
joint filling compound to flow freely between them when ffilmg the joint. 

16. Tie conductors together with giUmg twine, wrapping 3 or 4 turns 
around all three conductors at center of jomt over H m belt separators. 

17. Belt instilation shall be apphed as indicated on the detailed instruc¬ 
tions* for each joint, to protect the cable -insulation at the sheath heU and 
hold the conductors together at the crotch. This shall be appli^ m 
accordance with the rules for paper-tape msulation given in paragraph 14. 

18. Tape-ifnpregnatijig compound heated to 260®F. (measured by 
theniiometer) should be poured over the insulation after the hand-applied 
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Fig 293.—Typical 4,800-volt cable joint. 



20. Pouring holes are provided in the lead sleeve for all 4,800-volt joints, 
one near each end. 

21. Pill Joint with Paraffine.—^Use pure paraffine. Be sure the paraffine 
IS as nearly as possible at 250**F. (measured by thermometer). Tilt the 
whole joint so that one hole is about in. above the other. Pour the 
paraffibne mto the lower hole. Pouring shall be continued until the paraffine 
comes out of the upper hole freely and clear, without bubbles. Excess 
paraffibne may be caught in a clean dry pail and used again, if heated. 

Allow joint to cool at least 1 hr, restore to a horizontal position, and refill 
with pure paraffine at 250**F. It Is important that a perfect filhng be secured 
before closing pouring holes. 

22. dose Pouribag Holes.—The two openings should be closed by gently 
folding down the lead flaps, the edges of which should be lightly peened down 
to exclude any drops of solder from penetrating the interior. The cuts 
should then be carefully sealed with the soldenng iron. 
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Figure 293 gives a cross-section of a t 3 'pical joint from the same 
specifications. The instructions given in connection with it show 
the order in which the operations in making the jomt fiha,n be 
carried out The numbers given with each operation refer to 
the corresponding paragraph in the preceding general instruc¬ 
tions, in which each operation is described in more detail. 

Operations in Making 

4,800 Volt, 200M. cm, Three Round CJonductor Cable Jomt 

a. Train cable Adjust tag (paragrapb 2) 

b Prepare lead sleeve Slip lead sleeve on cable (paragraph 3) 
c Establish center line of joint Cut cable to fit (paragraph 4) 

d. Measure 8^ in away from cemter hne on each cable end Crease sheaths (paragraph 
5) 

a. Shave cable near crease Smear shaved surfaces with steanne (paragraph 6) 
f. Bemove sheath back to crease Bell ends of sheath >4 in (paragraph 7> 
g Remove belt insulation to 34 in from end of belled~out sheath. Cut off ends of insu¬ 
lation square (paragraph 8} 

Cut off fillers square as closdy m crotch as possible (paragraph 9) 

% Phase and match conductors (paragraph 10} 

j. Bind conductor insulation on each conductor with cord about 2>^ in from end to s»e- 
vent unwrapping (paragraph 11) 

Jc Bemove conductor insulation on each conductor for a distance of 1^^ in from the end* 
cutting off ends of insulation square (paragraph 11} 

I Wipe ends of conductors clean and fit into copper connectors Protect conductor 
against accumulation of solder by winding on 8 or 10 turns of gilhng twrne, starting 
about 3^ m from the end of the copper connector Sweat conductors into connectors 
Dress down rough surfaces and wipe clean (paragraph 12) 
m Spread conductors (paragraph 13) 

n. Bemove twine from one conductor Wipe the copper connector and conductor 

thoroughly with a strip of dry cloth (paragraph 14) 
o Apply 34 in paper-tape insulation over the conductor and copper connector building 
up flush with factory insulation (paragraph 14) 
p Bemove binding cords around insulation. Bemove outer layer of factory insulation 
back to b^t insulation (paragraph 14) 

q Apply % in papeivtape insulation Build up to size and contour shown on drawing* 
* e , IM 6 m in diameter for 3 in each way from center hne* then tapered down to the 
factory insulation for a distance of 34 at each end* total length 7 in (paragraph 14) 
r Bepeat operations n to q inclusive for othw two conductors 

a Apply ^ in paper tape around each conductor, at the center, biulding up a belt 34 m 
thick to act as separators (paragraph 15). 

t Bind all conductors tightly together with gilling twine wrapping three or four turns 
around center of joint (paragraph 16). 

u Apply % in papertape insulation around all three conductors next to factory belt 
insulation for a distance of 1 in. Build up flush with factmy b^t Total length of 
finished belt shall be not over 134 in from end of sheath bell (paragraph 17) 
e. Pour hot tape-impregnating compound (260®P by thermometer) ovw whole joint* 
thoroughly boihng it out and saturating it (paragraph IS) 
w Fit lead sleeve in place, beat down ends and wipe to cable sheath (paragraph 19). 

X FiU joint with hot pure paraflSne <260®F by thermometer), AUow to cool 1 hr or 
more, fill again, and allow to cool 34 hr Fdl agam and repeat as many tames as neoesr- 

sary to completely fill joint (paragraph 21) . , j u • as 'uai 

y Close pouring holes by bending down lead flaps* peening lightly and soldenng taghtjy 

(paragraph 22) 

z Attach bonding oonneeUons. 
aa Apply fireproofing. 
hb. Fasten tag securely in proper location. 




Fig. 294—Typical 600—volt cable joint. 


Figure 294 shows a low-voltage cable joint. 

Pofheads.—Where underground cables come up and are 
attached to the overhead, the ends of the cables must be sealed 
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Fig. 295.—Types of potheads. 


against the entrance of moisture. With some types of non- 
metallic sheathed, rubber-insulated cables this sealing may be 
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done with tape and compound but for most cases with lead- 
sheathed cable and paper insulation some form of pothead is 



Fio 296.—Makeup of one typ« of vertical pothead for 4,»)0 volt or 6,600 volt 
Borvico (Cr. "Wm Electric Spedc^ity Co,y* 


necessary to make this seal. The pothead usually consists of 
a cast-iron f or pot into which the cable is inserted, the sheath 
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being wiped or clamped at the entrance The conductors pass 
through the pot and are either brought out through porcelain 


Type 
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Section A-A 

Pio. 297.—Makeup of one type of inverted pothead for 4,800 volt service. 


bushingSj or are attached to conducting terminals fixed in the 
bushings ^The pot is then filled with insulating compound. In 
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choosing and installing a pothead the mam objects for using it 
should be kept in mind, % e , 

1 Seahng the cable end from the entrance of moisture 
2. Insulating the conductor effectively from the metal sheath 
where the two separate. 



/Var£ - Ca^/e nsec/ 
mfb ih/s Pothead 
is^2 or'*^4 Insuh 
afed ^^Pubber 



'Pubter^^ -*■ 
/nsu/ation 


S/eeve- 
SawcffCone et 
and ream ho/e 
to fit cable 


MefaL 


Make-Up of Pothead Attachment to Crossarm 

Fig 298 -—Makeup of one type of 600-volt pothead 
(G & W Electric Specialty Co ). 


Potheads ar© in general of two types, which may be distin- 
guished as vertical, i.e,, with the open-wire conductors issumg 
from the top, and inverted, with the open-wire conductors issuing 
from the bottom, see Pig. 295 The vertical pothead may have 
the cable entering directly at the bottom, at an angle, or 
horizontal as shown in Fig. 296- 
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In making up a pothead the same precautions should be used as 
in making up a cable. These were indicated above under Cable 
Joints.” 

Figure 296 illustrates the make-up of a vertical pothead for 
primary voltages. 

Figure 297 shows an inverted type with the conductors passing 
directly through the bushings 

Figure 298 is the make-up of a low-voltage pothead for second¬ 
ary voltages. 



CHAPTER XXVII 


TYPICAT CONSTRITCTION 

In the following pages will be shown a number of photographs 
illustrating typical examples of some of the features of construc¬ 
tion discussed in the other chapters These are offered, not as the 
only possible types of construction, and perhaps not the best 
possible types in all cases, but rather as what may be considered 
typical good construction. It has been, in general, designed on 
the basis of the principles here set forth. Por this reason all 
di the examples are taken from one system rather than attempting 
to obtain them from different systems in different parts of the 
country. It is believed that good construction will not be widely 
different no matter where it is found and hence examples from one 
locality are as satisfactory for general purposes of illustration 
as those taken at random. 

'With each picture will be given a brief discussion of the mam 
features which it is intended to illustrate. 
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Pio 299 —Rural or farm line, single-phase 
This Hn© is constructed with 35-ft ISTorthern White cedar poles, spaced 300 ft, 
-o 9a-iTi , Douglas fir The conductor is No 2 bare 

foreground, the line occupies the side of the highway, but, in 
the distance where trees are encountered, it is offset to private property to avoid 
using higher poles or tnmming the trees. The voltage is 4,800 volts 












Fig 300 —Rural line behind trees 


This line IS similar t/O that m Fig 299, the location behind, the trees being more 
clearly evident. A typical transformer and service installation is shown in the 
foreground. A cdose-up picture of such a transformer is shown in Fig 314 









301.'—Tliree-pliase rural line over trees. 

This line is of similar character to that shown in Fig 299 and 300 except that 
the third-phase conductor is added, earned on a ridge top bracket In this 
case, clearance over trees is gamed by use of higher poles and symmetrical 
trimming of the trees 
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Fig. 302 —^Ligh.t distribution line—secondary on racks 
Fhe primary is three-phase, 4,SOO-volts, spaced 2S in apart The secondary 
is carried on secondary racks A transformer installation may be the 

distance A close-up of such an installation is shown m Fig 315 The pole in 
the foreground is fitted up to carry some dead-end stress, it bemg adjacent to a 
corner pole I>ouble crossarms are used, one end of the arm is held with an arm 
guy, and the pole, itself, is guyed to a guy anchor The line occupies one side 
of an alley, the other side being used by a telephone distribution line as may be 


seen 










303 —^Liglit distribution line—secondary on cross arms 
This line occurs m a well built-up city district The poles are 40 ft Western 
Red cedar, spaced about 120 ft apart The primary is 4,800-volt, single-phase, 
with 28 in between conductors The secondary is carried on crossarms placed 
4 ft below the primary arm, allowing space for an intermediate arm if such ever 
becomes necessary to accommodate additional circuits The transformer installa¬ 
tion m the foreground is shown in closer view m Pig. 316. 









Fig. 304—Joint construction witli telephone circuits 
The improved appearance of right-of-way, due to the elimination of one of 
the lines of poles, is apparent, when this is compared to the lines shown m Fig 
302 and 303 On the second pole, the transformer pole, the guard arm over the 
telephone cable may be seen, the spacmg on this pole hemg such as to reciuire it 
On the first pole, the telephone cable is more than 6 ft below the secondaries and 
hence no guard arm is necessary The primary a^rm in this case carries a three- 
phase primary circuit and a street-hghtmg circuit (on glass insulators on the 
right-hand end of the arm). 
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Fig 305 —Side-arm construction. 

The wires are carried well away from the buildin#; in order to provide ladder 
space next to the building for the raising of hre ladders Arms 120 in long are 
used, with 7-ft , side-arm braces Reversion to ordinary crossarm construction 
may be seen in the distance The upper arms carry a three-phase primary 
circuit (in triangular arrangement) and a street-lighting circuit The lower 
arms are for secondary The wide spacing between groups of arms in this case 
came about from a consideration of the relative levels of the wires and the 
windows m the building On the first pole the use of two sidearm braces with 
one arm is illustrated on the upper arms The lower arms are doubled and arm 
guyed, being adjacent to a dead end The transformer installation on the 
second pole should be noted. 
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Fio 306 —Comer pole—light construction. 

This is an intersection pole, no wires being dead ended on it. In order to 
provide a 30-in ohmbing space, 120-in crossarms were used, the climbing space 
occuring on the **corner’’ of the pole on the left-hand side of the picture. 
Between the back of each orossarm and the adjacent wire on the opposite side 
of the pole 30 in. is provided. The circuits shown are a three-phase pnmariy 
circuit and a street-lighting circuit running in one direction and a single-phase 
tap off the three-phase circuit in the other direction. Some details of secondary 
rack construction are indicated. The method of tapping off services from the 
line rack on one side of the pole and from an auxilliary rack on the other side 
of the pole is clearly shown. 
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307 —Corner pole-light construction. 

The three-phase tap is dead ended on. the corner pole xn this case and double 
arms are used to hold the stress. The pole is guyed against this stress by a ver¬ 
tical or sidewalk guy The guy protector on the lower end of this guy should 
be noted This is used largely to increase the visibility of the guy The normal 
arrangement of the hne may be seen on the second pole where the three-phase 
circuit dead ends. On the corner pole, the spacing is somewhat altered in order 
to provide climbing space past the double arms The street-lighting circuit 
continues on to the third pole where it is brought to the two pole pins and dead 
ended, the stress thus being balanced. A.n arm guy and a pole-to-pole guy are 
used on the second pole The third pole is guyed (aeioss a street) to a guy 
stub A bracket type of street-lamp fixture may also be seen on this r>ole 

















512 


ELECTRICAL, DISTRIBUTION ENGINEERING 



Fro. 309.—Heavy dead end. 

Attention is called to the method of dead ending the heavier wires in strain 
insulators and the lighter wires on two pm>insulators. The heavy guying from 
pole to stub and from stub to anchors is an important feature. The use of 
strain^ msulators m the guys and of guy protectors is to be noted. The polo is 
also side guyed both ways, it being part of a railroad crossing. 
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Fig. 310.—Heavy lead. 

Tills lead is Heavily loaded^ most of tHe Trires sHown beins No. OOOO, The 
method of bracing the crossarms will be noticed. This is shown in. a larger scale 
in Fig. 312. The poles in the picture are adjacent to a dead-end pole which is 
so located that it cannot be well guyed. Hence, the stress is caorcied by a dis¬ 
tribution of guys over several poles, as shown. The use of guy insulators and 
of shims and guy hooks where the guys are attached to poles are points to be 
noted. 
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C«) (&) 

Fig 311 —A frame and push guy. 

A comparatively simple type of A-frame construction is illustrated in (a) and 
a pole brace or push-guy in (&). Details of both these are given in Fi^. 260. 
The lines supported happen to be in both cases 24,000-volt careuits. 
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1^0. 312,—Cuttins prunar^r circuit. 

A 4,800-volt primary circuit has been cut into two sections by the insertion, 
of two Sewlett disc insulators served into each conductor. Attention is also 
called, to the method of bracins the crossarms. Four 2&-in. flat steel braces 
are used with each arm, two on the face, and two on the back, with three 
lags fastening the braces to the pole. This gives a rigid structtire for 
unbalanced loads. ' It is also shown in Fig. 196. 
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Fia 313.—CXimbizig space. 

This shows how a SO-in. dear climbing space up the pole may* be provided 
on an mtenseotion pole, even with a heavy lead, by the use of 120-in. crossarms. 
The advantage, from the standpoint of the lineman, who has to climb the pole, 
over the congested pole construction sometimes seen is evident. 
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This is the installation, used with the lines shown in Fig 299 and 300. The 
transformer is 5 k-va. The primar^r fuses are an enclosed cartridge type 
mounted m a housing made of fiber similar to fiber conduit No hghtning arrest¬ 
ers are used with the installation shown, although they could be added without 
difficulty In most cases, a separate transformer is installed for each customer, 
the service beine taken directly ofi the secondary rack shown on the pole. 
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Fro. 315.—Single-pliase transformer mstallation. 

This installation, is similar to that shown on Fig. 302 although it ma^r just 
as well be used where the secondarsr is carried on crossarxns throughout. With 
secondary rack construction, in order to conserve space on the transformer pole 
and to provide better clearances, the secondary is carried on the crossarm which 
supports the transformer. The primary fuses are also carried on that arm 
A buck arm is plaoed immediately above the secondaries for the purpose of taking 
off services liightnlng arresters are used, carried on the same crossarm with 
the primary wires. In this case, a third arrester is placed in the connection 
from the two arresters to ground. Primary trainer wires are carried on corner 
brackets attached to the ends of the oxossarms. 
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Fiq, 316.—Sizigl€-ph.ase transformer Installation. 

This installation is used in locations where it is desirable to keep the primary 
arm as clear as possible The transformer is moved down to a third arm below 
the secondary arm. The lightning arresters are moved down to the secondary 
arm. Otherwise the installation is similar to that shown in !Fig. 315. Zt is 
also shown in the line in Pig. 303. Secondary fuses may be seen in¬ 
stalled in the secondary trainer wires just below where they are tapped 
to the secondary mains The use of wood moulding covermg the ground connec¬ 
tion from the arresters is also shown. 
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IPia, 317.—Tliree>pha 3 e tr^aisformer instoJlatiozi. 

The primary fuses in this case are earned on the same arm with the secondary. 
Since the primary leads enter the transformer case at the front, m order to 
provide clearance over the cover the transformer is mounted 3 ft, below this arm. 
It is carried on 4 by 6 in. short arms. The arresters are shown on a separate 
arm. Other wires, such as smsle-phase secondaries, may also be carried on this 
arm if required. A buck arm for future services off this pole is included. 
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Fio- 3 IS.—Transformer platform—^tliree-pliase transformer. 

Tlie platform is similar to that shown m Fig, 269, being constructed with 
simple wooden beams and side-arm braces. The primar^r bus is on the left- 
hand side of the pole, the secondary bus on the nght-hand side, both being carried 
on pin-type insulators. The transformer is a lOO-k-va., three-phase transformer, 
with space on the platform for two additional transformers. 









Fig 319 —Transformer platform—series street-lighting transformer 
This platform is constructed with steel channels and side-arm braces Oetails 
of the design are shown on Tig 271 The brace seen to the extreme left carries 
an extension of the flooring of the platform on the side away from the picture, 
which furnishes access to the front of the transformer® and the fuses. The pri¬ 
mary fuses are supported on a beam above the transformers. 
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^G. 320.—^Pransformer platform.'—^mductiozL regulator. 

Th.e platform coxistruction is similar to tliat in. Fig 318. Tlie three-pltase 
transformer servmg ttie regulator motor and the small sing^e-pliase transformer 
Bupplsring potential to the control are seen on the platform ^th the regulator. 
A simple hand-rail made with two side-arm braces m shown to the right. 'The 
method of separating the regulated from the unregulated side of the circuit 
both on the bus and on the pole top by cutting in strain insulators is evident 
The regulated side is to the left. 









Fia 321a —Light service wiring— 

single-phase 

The service brackets used are single¬ 
point porcelain brackets or insulators 
with integral screw These are shown 
on Fig 221 


Fig 3216 —Heavy service wiring— 
three-phase. 

The use of a secondary rack for 
such heavy wiring is shown The 
rack IS attached to the wall with ex¬ 
pansion bolts 
















Fig 322 —XDisconiiectiiig potFeads. 

This IS a jumpering point between two sections of a circuit The use of strain 
insulators for dead ending the circuit on both, sides of the arms may be noted 
The lower crossarm is not an essential part of the disconnecting pothead 
installation 
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Fio, 323.—^Pole-top switcli. 

switch u installed on the extreme pole top above all wires in order to obtain 
the best clearance in case of arcs while opening the contacts. The circuit 
seetionalized may be seen on the top orossarm, with the two sections divided by 
means of pig-liver type of strain insulators cut into the conductors. 
X he insulatmg section m the operating handle may be noted. 














Fia 3245 —Street-lighting lamp installation* Mast arm. 

The supply wiring to the lamp in this case passes frona the transformer along 
the underside of the crossarm (in wood moulding), down the pole, and out 
through the inside of the pipe to the lamp 
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<®) C6) 

Fiq. 325.—Settme pole with, earth-borms machine. 

(a), r>iggme the hole—the auger has just been brought up to the surface wTith a 
load of dirt and is spmnmg to throw it out awasr from the hole; h, setting the 
pole—the hole is completed and the derrick on the digger has raised the pole 
preparatorsr to dropping it into the hole. 
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Fig 326 —TJndergroiind conduit coustruction- 
A 12-duct conduit is being built witb 4-m fiber duct The last layer of con¬ 
crete over the top ducts is still to be poured Some of the concrete spacers used 
for holding the duct in position while the concrete is being placed and also addi¬ 
tional sections of the fiber duct may be seen along the side of the trench The 
collars used to cover joints between lengths of the duct will be noted on the 
duct already laid. The details of this method of building conduit are indicated 
on Fig. 282, 
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3Fig 327a —Underground manhole construction—brick walls, showing conduit 

entrance 


Yzg B27b —Steel for roof—first course of steel rails in place for supporting bnck 

roof 
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CHAPTJER XXVIII 


STANIDARlDIZATIOlSr AND SPECIFICATIONS 

Standardization of line construction and materials is one of the 
most important and profitable branches of the work of the dis¬ 
tribution engineer- It is work in which the concrete results of 
intelligent effort can quite readily be shown—^the value in dollars 
and cents of successful standardization is usually apparent. 

By ^'standardization of construction^' is meant the establish¬ 
ment, as far as is possible, of a single standard, for each unit of 
construction, such as line poles under various conditions, comers, 
transformer installations, cable poles, etc., so that, wherever such 
a unit occurs on the system, it will be constructed m the same 
manner and with the same materials. It must be recognized, of 
course, that many variations of conditions are met with in the 
field and some leeway must be allowed the construction man to 
use his judgment when he encounters conditions to which the 
specifications do not particularly apply. One of the prime 
objects of standardization, however, is to reduce such cases to a 
minimum and to serve as a guide to the construction man in the 
few cases which he must work out in the field. Ideas of different 
construction men as to proper construction are likely to vary 
quite widely. For example, in one case, before standardization 
had been worked out, seven different methods of hanging a 
transformer were observed within a J^-mile radius. Some were 
not widely different from others but none were alike, although 
no one could be considered bad construction. Such conditions 
make for waste of time and material. If the transformers are 
all hung alike, the same material is taken out each time and 
installed in the same way, allowing the construction crew to 
emphasize speed and efficiency in construction rather than having 
to consider design. At the same time, the best design may be 
chosen as a standard and this may be further simplified and 
improved by careful study, the best ideas of all construction men 
and of the engineers being combined m this one standard. In 
the case mentioned above, for the eventual transformer installa^- 
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tion adopted (after passing through several stages of development) 
there was used little more than half the material used in the best 
one of the seven previous installations and yet it had fully as 
good strength where strength was needed, and better clearances. 

Standardization of materials goes hand in hand with the 
standardization of construction. For any unit of construction, 
the materials to be used are specifically designated and not 
left to the preferance of the construction man. Also, the number 
of such materials used on the system is reduced to a mimmum 
thereby cuttmg the costs of purchasing, stocking, handling, 
and using. 

Standardization of construction and materials is particularly 
apphcable to line construction, more so than to other parts of 
the system, perhaps. The umts of construction are relatively 
pTnallj and many times repeated. A small savings on any unit 
IS multiplied many times during a year. Labor operations may 
be systematized to good advantage, since similar operations 
are performed repeatedly. 

Objections to standardization in general are sometimes raised, 
that it stifles initiative and is a hindrance to keeping up with 
the progress of the art. These objections are valid ones if 
standardization is handled as it sometimes is, by considering 
it as a specific task to be accomphshed once and for all, permanent 
standards being set up. Such a standardization is likely to 
defeat its own purpose, first because it is hardly ever possible 
to establish on the first trial a standard which caimot be improved 
upon by further study, and second because new materials and 
desigaoLS are bemg continually brot^ht out, many of which are 
marked improvement on older ones. Also, new conditions must 
be met as distribution syntems develop. It is fairly obvious 
that standardization, to be effective, must be flexible. Provision 
must be made for continually studying the standards, with the view 
to improving them if possible. They should be subject to chanp 
whenever it can be shown that a permanent advantage is to be 
gained thereby. Initiative should be encouraged on the part of 
all those concerned with the work, in the suggestion of improve¬ 
ments which might be made in the standards. Individual 
initiative on the part of the construction men in departing from 
the established standards should not be tolerated, however. 
Once established, the standards should be strictly followed until 
such time as they are definitely changed, except of course m 
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cases of emergency or where unforeseen hazards are involved. 
On the other hand, too great haste shoiild not be allowed in 
nbangiTig a Standard which has been carefully worked out. Many 
times suggestions or criticisms will be received, which are appar¬ 
ently reasonable but which, after careful study, will be found to 
be based on prejudice or a wrong interpretation of observation. 
It almost goes without saying that for efficient results, standard¬ 
ization of any class of materials or construction should be the 
specific and continuous responsibihty of one man in the organiza¬ 
tion who is given sufficient authority to enforce it. Divided 
responsibility in this matter only leads to confusion. 

Standardization of Construction.—The chief advantages of 
standardization of construction have been mentioned above. 
The means for carrying out such work may depend somewhat on 
conditions on the particular system. There are, in general, 
three sources of information available from which assistance may 
be drawn: 

1. Past construction on the system under study. 

2. Suggested standards of the National Electric Light 
Association. 

3. Construction used by other companies. 

The first source named should be t^e first to be consulted, as a 
rule. There are usually special conditions peculiar to the par¬ 
ticular locality, for which specific types of construction have been 
worked out. These are likely to be just as good at least as 
anylihing which can be imported from elsewhere. If there is 
more than one type used for the same purpose, the first step is to 
single out and make standard the one which appeam best. 

The Overhead Systems Committee of the National Electric 
light Association has shown in its ‘'Overhead Systems Reference 
Book” and subsequent serial reports, suggested standards for 
many units of construction. These are more or less general but 
do illustrate the use of materials which have been suggested as 
standards. They may very often be adapted to the particular 
conditions of a system. 

The construction used by other companies is a good source 
for sutggestions as to means of solving problems of new design 
or improving old ones. Care should be used, however, in follow¬ 
ing too bhndly the lead of someone else. His conditions may be 
quite different from yours and may not conform at aU to generally 
recognized or desirable standards. 
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After all available information is assembled^ the standards 
which best smt the case may be selected. A thorough study of 
all details of the construction is then advisable for the purpose of i 

1. Simplifying it as much as possible. 

2 IVdaking sure that it conforms with any codes or rules which mav 
govern in the locality, with accepted good practice as to clearances and 
strength of parts, or with reasonable requirements for safety to the pubbe, 
workmen, and the service 

3 XJsing materials which are standard with the manufacturers and 
standard for use elsewhere on the system, if possible. 

4 Making the design consistent as to strength, % e , reducmg the strength 
of parts where an unnecessarily large safety factor is obtained and increasing 
those parts where the strength is r^atively low. An ideal design would 
have uniform strength throughout, taking account of all probable variations 
in loadmg and the variations in character of materials. Strength tests on 
full-sized construction, simulating held conditions as far as possible, should 
be made where any doubt exists 

5 Consulting with the construction men, to make sure that no practical 
difficulties in construction have been mtroduced. 

In previous chapters, methods for computing strength of parts 
have been discussed, and also common standards of materials 
and construction have been shown. Safety Code provisions 
have been given in many cases. These will all be useful in a 
study of standardization. 

Standards of construction can often be slightly changed to 
allow the elimination of certain materials from stock, other 
more standard materials being substituted. Standardization of 
materials and construction are thus mterdependent. One can¬ 
not be carried to its fullest possible benefit without the other. 

The matter of cooperation with construction men should be 
stressed. It is much easier to introduce new standards with 
their approval than against their wishes. There is usually a 
considerable amount of inertia on the part of men in the field 
against radically new ideas but, on the other hand, many valuable 
points may be learned, and incidentally many mistakes avoided, 
by giving the field men opportunity to express their views. Any 
really good change will stand the test of experience. ^ 

Constructioii Specifications*—Formal printed construction 
specifications are an essential accompaniment of standardization 
of construction. They are the means of keeping the construction 
men advised of the standards established. The details of their 
preparation must be such as will conform best with the method 
in which they are to be used and the organization of the construe- 



538 


ELECTRICAL DISTRIBUTION ENGINEERING 


tion personnel, keeping in mind the chief object of their existence. 
No definite rules can be laid down in this regard but some sugges¬ 
tions gained from experience with the preparation and con¬ 
tinuance of such a set of specifications may be useful. 

The size of the page may be such that the book will fit into the 
pocket if it is intended to be part of the field man's equipment 
(434 by 734 ia. is convenient for this purpose). In using this 
size, the drawings will usually have to be on a somewhat smaller 
scale than if a larger sized page is used, but this disadvantage 
is offset by the convemenoe of the smaller book. Where the use 
IS to be more as an office reference, a larger size, such as 834 by 
11 in., is probably preferable and, of course, this size can also be 
used for a field book if desired. 

It is advisable to consider carefully the matter of quality of 
paper and binding. A book used in the field gets rough bn-TiHifTij r 
and cheap binding and poor paper soon wear out. A loose- 
leaf binding is not desirable as it is too easy for pages to be 
removed and lost. On the other hand, it should be possible to 
replace pages for revision when desired. A post type of binder 
is satisfactory for this purpose. 

The style of type used and the cuts for illustration should be 
clear and easy to read. Printed pages and drawings are prefer¬ 
able to blueprints for several reasons. Drawings for cuts are 
usually made several times larger than the fimshed cut. It is 
important that the lettering used be large enough and properly 
spaced to be clear when reduced in reproduction. 

Specification books should be kept up to date, either by 
continuous revision, i.e., whenever a change is decided upon, 
or by frequent periodic revisions, such as once a year. Otherwise, 
confusion is certain to result. Complete new pages are much 
preferable to attempting to make changes in old pages. It is a 
^d plan to supervise the change of sheets in all books when 
issuing a revision, rather than depending upon the holders of 
the books to make the changes—^usually the changes are not made 
if the lat^r method is used. Revisions and additions should be 
kept in mind when numbering the pages in the book. A consecu¬ 
tive numbering ssnstem is not satisfactory. One method is to 
give the pages the designation of the section and article of text 
which they contain. 

The choice of material to be included in the specifications 
depends somewhat on their intended use. Some engineers make 
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the specifications a complete set of instructions to the construc¬ 
tion men, including methods of construction, safety rules, and 
even some engmeering data, as well as construction standards. 
Other orgamzations prefer to instruct their men in other ways on 
methods of carr 3 ang out the work, using the specifications merely 
as a handbook of standards. Whatever is included, however, 
should be expressed as clearly, defimtely, and briefly as possible. 
It should be remembered that the construction man is not an 
engmeer and he can only carry out such instructions as he can 
clearly understand. 

A logical arrangement of the material is essential, so that any 
particular detail may be easily found. This is likely to be a 
somewhat difficult matter and a good index is an important part 
of the book. Two general methods of arranging material may 
be used. The first is according to type of construction, such as 
transmission Imes, city distribution, farm lines, etc. Considerable 
duplication may be necessary with this arrangement but it g;ives 
a man complete information about the particular work he is 
doing when workmg on a Ime of any of the t 3 rpes covered. 
Another arrangement is according to the types of materials 
used, such as poles, cross-arms, transformers, etc. Less duplica¬ 
tion is necessary with this method and, with a good index, it 
lends itself very well to general use. 

As an example of the tsrpes of material which may be included 
and its possible arrangement, the tables of contents for a specifica¬ 
tion for overhead hne construction and one for underground 
line construction are given below: 

Standard Specifications fob Overhead Line 
Construction 
TAB ns or C!ontxints 

Section A, General. 

Article 

1. Purpose of Specifications 

2 Temporary Construction 

3. Present Construction 

4. Farm-line Construction 

5 Definitions 

Section B, Poles. 

Article 

1 Shaving 

2 Branding 

3. Roofing 
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4 Graining 

5 Locations 

6 Spacing 

7. Size and Class 

(a) Grade of Liine 

(&) Minimum Height and Class 

(c) Dimensions 

8. Settmg 

(а) Greneral 

(б) Depth of Setting 
(c) Self-sustammg 

Section C, Cross-arms. 

Article 

1. Standard Sizes 

2. Use 

3. Attachment 

4. Double Arms 

5. Side Arms 

6. Buck Arms 

Section D, Secondary Racks. 

Article 

Standard Type 

2. Where Used 

3. location 

4. Comers, Dead Dnds, etc. 

5. Services 

* 6. Details of Construction 

Section R, Pole Hard'waxe. 

Article 

1. Braces 

(а) Standard Items 

(б) Use 

2. Blocks 

3. Bolts 

(a) Standard Sizes 
(5) Use 
4- Washers 

(a) Standard Sizes 
(5) Use 

5. liOgs 

(a) Standard Sizes 

(b) Use 

6. Pole Steps 

7. Hub Guards 
Section F, Pins. 

Article 

1. Standard Items 

2. Use 
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Section G, Insulators 
Article 

1. Standard Items 

2. Use 

Section H, Conductors. 

Article 

1 Material and Size 

(а) Standard Items 

(б) Use 

2 Tree Tnmmmg, Tree Wire 

3. Guard Wires 

4 Sags 

5 Ties, Splices, Taps, etc. 

(а) Ties 

(б) Splices, Taps, etc. 

6. Dead Unding, Chitting 

(а) Definitions 

(б) Cross-arms 

(c) Guying 

(d) Dead-ending Conductors 
(c) Cuttmg 

Section 1, Arrangement of Circuits, Clearances, Etc. 
Article 

1 Arrangements on Pole 

(а) General Pules 

(б) 24,000-volt Circuits 

(c) Primaries (4,800 and 2,400 volts) 

(d) Secondaries: Direct-current 
(a) Street-lighting Circuits 

2. Clearances 

(а) Wire-crossing Clearances 

(б) Clearance over Buildings, Roadways, etc. 

(c) Clearance from Buildmgs (horizontal) 

(d) Clearances and Separations at SupjKirts 
(a) Vertical Separations on Same Structure 
(f) Obstructions 

3. Cbmbmg Space 

4 Working Space 

5 Banking Secondaries 

Section J, Typical Pole Construction. 

Article 

1. Straight Ume 

2. Comers 

(а) Determination of Angle 

(б) 24,000-volt Construction 
(c) 4,800 Volts and Lower 
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Section K, Crossings (railroad, teleplione, etc.). 
Article 

1. Railroad Crossings 
2 Communication-line Crossings 

SectioxL Lr, Transpositions. 

Section M, Gnying. 

Article 

1. General 

2. Types of Guys 

3. Attacliment 

4. Stubs 

6. Anchors 

6 Insulation 

7, I^otectors 

5. Clearance 
9 Crossings 

(а) Hailroad Crossings 

(б) Communication-lme Crossings 

10, Dead !Ends and Comers 

11. Storm Guying 
12 Materials 

13. Strength of Guys * Number and Size 

(а) General 

(б) Strength of Guy 

(c) Use of Tables 

(d) Ordinary Conditions (dead ends) 
<e) Vertical Guy 

Section N, Lightning Arresters. 

Article 

1 Standard Arresters 

2. Use 

3. Installation 

4. Ground Connections 

Section O, Grorinding. 

Article 

1. Location 

2. 24,000-volt Ground Wire 

3. Construction 

4. Covering 

5. Materials 

Section P, Transformer Installations* 

Article 

1. Location 

2. Single-phase Installations (pole type) 

3. Three-phase Installations i^ole type) 
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4. Platform Installations 

(а) Use 

(б) Standard Suses 
(c) Clearance 

5 Side-arm Installation 

6 Boosts and Bucks 

7 Two-to-one Installations 
8. Regulators: Outdoor 

9 Street-lightmg Tub Installations 
10. Connections of Coils and to Line 

11 Materials 

(a) Poles 

(b) Cross-arms, Blocks, etc. 

(c) Hardware 

(d) Pms and Brackets 

(e) Insulators (see Sect. G) 

(/) Conductors (training wires) 
(gr) Fuses and Fuse Holders 
(A) Lightnmg Arresters 
( 2 ) Standard Materials 

12 Grounding 

13 Guying 

14 Banking 

Section Services. 

Article 

1. General 

2. Wires (material, size, and number) 

3. Length 

4 Supports 

5. Sags 

6. Clearance 

Section R, Joint Consixuction. 

Section S, Cable Poles. 

Section T, Disconnectmg Points. 

Article 

1. Pole-top Switches 

2. Clamps 

3. Disconnectmg Potheads 

4. Disconnecting Xiugs 

Section U» Street Lighting. 

Article 

1, Poles 

2, Street-lighting Circuit 

3, Fixtures 
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Sectian V, Overhead l^ine Materials. 

Article 

1. Poles 

2. Cross-arms and Blocks 

3. Cross-arm Pms 

4. Cross-arm Braces 

5. Bine Insulators 

6. Guymg Material 

7. Bolts 

8. Brackets and Racks 
9- Line Wire 

10. Fuses 

11. Pole Switches 

12. Lightnmg Arresters and Potheads 

13. Clamps, Connectors and Lugs 

14 Hardware 

15 Miscellaneous Overhead Materials 
16. Street-hghtmg Fixture Materials 

Standard Specifications for Underground Line 

Construction 

TabijE of Contents 

Section A, General. 

Article 

1. Purpose and Scope of Specifications 
2 Temporary Construction 

3. Present Construction 

4. Defimtions 

5. Permits 

Section B, Conduit. 

Article 

1. Layout 

(a) Conduit Routes 
Qi) Manhole Location 

(c) Field Notes 

2. ^e and Arrangement of Ducts 

(a) Standard Sizes 

(&) Standard Arrangements 

(o) Manhole Entrances 

(d) Laterals to Cable Poles, Services, etc. 

3. Construction of Condmt 

(а) Materials 

(б) Use 

(c) Depth 

(d) Grading 

(e) Excavating 
Cf) Concrete 
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(^) Xiaying Duct Fiber 
(Ji) liaymg Duct Tile 
(^) Laterals 

ij) Protection of Foreign Property 
4. Manhole Construction 

(а) Size and Shape 
(fe) Depth 

(c) Obstructions 

(d) Drams 

(б) Floors 
Cf) Walls 

(^) Conduit Fntrances 
Qi) Poof 
(^) Chimney 
(j) Cover 
(/c) Equipment 
6. Tunnel Construction 

(a) Shapej Size, and Location 

(5) Obstructions 

(c) Drains 

(d) Fxcavating 

(e) Masonry 
(/) Shafts 
(jg) Conduit 

(A) Cable Supports 
(z) Protection of Foreign Property 
Section C, Cable. 

Article 

1. Standard Sizes and Use 

2 Routing 

3 Installation 

(<z) In Conduit 

(6) Buried Cable 

(c) Ploughed Cable 

(d) Aenal Cable 
(c) Reports 

4, Cable Joints 

(a) 24,000-volt Joints 
(&) 4800-volt Jomts 
(c) 600-volt and Miscellaneous Joints 
6. Cable Poles, Potheads 

(а) Standard Items and Use 

(б) Cable-pole Framing 

(c) Installation of Cables 

(d) Making-up Potheads, 24,000 Volt 

(e) Making-up Potheads, 4,800 Volt 

(f) Making-up Potheads, 600 Volt 

6. Junction Boxes, Wall Boxes, Terminal Boxes 
(a) Standard Items and Use 
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(5) Location and Mounting 

(c) Making-up Boxes 

(d) Fusing 
7. Bonding 

(a) In Manholes 

(6) Armored Cables 

Section D, Transformer Installations. 

Article 

1- Manhole Transformer Installations 
2. Vault Transformer Installations 

Section £» Street Lighting. 

Article 

1. Cable Installations 

2. Bases for Posts 
3- Posts 

Section F, Foreign Cables. 

Section O, Railroad Crossings. 

Section H, Safety and Operating Instructions. 
Section I, Underground Lines Materials. 


Figures 328 to 335, inclusive, are reproductions of some typical 
pages in the specifications referred to above, showing style of 
type, arrangement, drawings, etc., which were used. 

One further point should be noted in regard to construction 
specifications- For eflcective results, they must be followed up 
by field inspection of the work done. No matter how well written 
they may be they will not be clearly understood by all of the 
construction men and, in any case, some personal instruction is 
usually necessary in calling attention to the points specified, 
especially when changes in present practice are introduced. 
Much of the advantage of construction standardization is lost 
unless it is followed by careful enforcement. 

Standardization of Materials.^—In undertaking to standardize 
materials for line construction, several definite objectives should 
be kept in mind as follows: 

1. Filimination of all duplication of materials. Several dif¬ 
ferent materials may be used for the same purpose, each one quite 
satisfactory perhaps when considered alone. One or two may be 
selected, however, which will answer all the requirements of the 
work. For example, in one case, it was found that small bolts, 
small lag screws, and wood-screws were all being used, by differ- 
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Fig 331.—Sample page from a specification for overhead Ime construction 
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Pig. 333.—Sample page from a specification for underground line construction 
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Fig 334—Sample page from a epeciacation for underground line construction 
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ent men, for the same purpose. All varieties but one were 
elimmated- 

2- Elimination of all unnecessary sizes or designs in any one 
kind of material, making one size serve the purpose of several if 
possible. For example, m one case it was ound that lags 

were being used in sizes from to 6 in. (in J^-in. steps). The 
5-in. length was found smtable for all purposes, and five sizes 
were discontinued. As another instance, some compames find 
it practicable to carry machine bolts only in even lengths (10, 
12, and 14 in., etc.) rather than aU lengths (10, 11, 12, and 13 in , 
etc.). 

3. Ehmination of obsolete and out-of-date materials and 
special materials as far as practicable, adoptii^ generally 
accepted standards when possible. The National Electric 
light Association suggested standards are a good guide m this 
regard. They are, as a rule, standard with most manufacturers. 
In addition to these, there are many other sizes and designs of 
materials which are more or less standard with the manufacturers. 
It is preferable to use these if possible rather than to adopt siieeial 
designs. It is not wished to intimate that new ideas for materials 
should be suppressed. Real improvements in old designs or 
new materials which are superior to the old ones are always wel¬ 
come and represent real progress in the art. Care should be 
• fjt.Vft'n, however, that a real improvement is made and one which 
is hkely to be generally recognized as such, rather than merely a 
dpisig n which will be ''different.’^ Special designs which* are 
used by only one consumer are usually costly, since the manu¬ 
facturer cannot give them the benefit of the economies realized 
by large production and has to include in the price his costs for 
special dies, tools, etc., and special handling. It wiU often be 
found, on careful analysis, that a new deagn will be not enough 
better than some standard design to warrant the extra cost. On 
the other hand, of course, if a new design is considerably better 
or ai mpIPir than an old one, it may represent a saving in the long 
run Also special conditions of use may require special treatment 
in some cases. 

Another consideration in the matter of spteoial designs is that 
some manufacturers put out materials with special features which 
may not, of themselves, be very essential or important, but 
which serve as selling points. If the material with these features 
is adopted as a standard, the one manufacturer is favored and 
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competition is eliminated. It is well to scrutinize such features 
carefully to see if they are really essential improvements. 

4. Elimination of materials which have small use. There is an 
infinite variety of “gadjets” on the market which are offered as 
bemg just the thing you need to do this and that. It may be 
perfectly true that they will do what is claimed, but on careful 
consideration it is realized that their use will be very small, 
perhaps only occasional. It is foolish to clutter up the warehouse 
with stocks of these materials when the purpose can be served in 
some other way with standard materials, even though the cost of 
using the standard material may be somewhat more than the 
special material in the few cases in which it is needed. 

The same principle may be applied to the ehmination of 
materials which may be generally recognized as standard and 
have considerable use on some systems but are rarely used on 
yours. An example is the so-called “side arm.” On a system 
where a large amount of side-arm construction is used, a stock of 
arms specially bored for the purpose is obviously advisable. 
Where side arms are used only occasionally for special purposes 
however, it may be found more convenient to rebore a standard 
cross-arm for the purpose when needed. 

5. Simplification of hne construction, whereby not only excess 
material may be eliminated, but some types or sizes of materials 
may be discontinued, the ones chosen as standard being made to 
serve as many purposes as possible. For example, some com¬ 
panies use entirely different cross-arms for high voltage lines 
(such as 24,000 volts) than they do for distribution. If a heavy 
distribution arm is carried for use on heavy lines, it may often 
be adapted to the high voltage hne also. 

6. Obtaining for the materials adopted as standard the designs 
and the quality of material best suited to the purpose. 

Standardization of materials carried out on the above basis 
will be almost sure to be productive of real and considerable 
economies. From the point of view of the storekeeper and the 
construction crews, the elimination of a considerable number of 
stock items has the following benefits: 

1. It reduces the amount of investment in stock, which also 
naturally reduces the interest, taxes, etc., on that investment. A 
reduction in numher of stock items does not, of course, produce a 
proiiortional reduction in total stock investment. If one insula¬ 
tor is adopted as a standard where three or four different styles 
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were previously used, the stock quantity of that one must usually 
be larger than that of any one of the four, but it probably need 
not be as large as the sum of all foxir. There is an appreciable net 
saving. 

2. The required warehouse space and facilities are reduced. 

3. The cost of handling materials is cut down. 

4 The cost of book-keeping, stock records, etc. is proportion¬ 
ately lessened. 

5 The stock necessary to carry on the line wagons is reduced. 

6. Writing of bills of material and estimates is simplified. 

7 Line work and maintenance is simplified. 

Some study is often needed on the question of reduction of 
stock versus increased cost of materials. For example, two sizes 
of a certain article are used. The larger one is necessary but it 
may also be used in place of the smaller, if desired. The question 
is whether the reduction in the cost of carrsung the extra item will 
offset the additional cost of the larger item where the smaller 
would suffice. An evaluation of the storeroom cost of canying 
a stock item of a certain class is a great help in deciding such a 
question. 

From the point of view of the purchasmg agent, standardiza¬ 
tion of materials accomplishes several important results: 

1. It allows materials to be purchased in large quantities, 
thereby usually reducing the price. 

2. It allows materials to be purchased which are standard 
with the manufacturer and on which the prices are therefore 
likely to be considerably lowered by the economies attendant on 
quantity production of a standard article. 

3. It allows competition between manufacturers who make the 
standard items, which usually results in lower prices. The 
standardization should be so carried out that, as far as it is 
practicable, at least two sources of supply will be available for 
every item of material, in order to allow for competition. 

4. It reduces cost of records and other office routme by reduc¬ 
tion of number of items purchased. 

In regard to standardization of materials as in regard to 
standardization of construction, the objections are sometimes 
raised that it will hamper the workman who ^ows what he 
needs to do a good job, and hinders the introduction of new ideas 
and new materials. The first objection may hold true to a limited 
extent, but if the standardization is intelligently carried out and 
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With due regard to the requirements and habits of the construc¬ 
tion man, the advantages will far outweigh this disadvantage. 
The second objection will be avoided if the standardization is 
made flexible and is continuously studied for changes of 
improvement. 

That very desirable results can be accomplished by standardiza¬ 
tion of materials is exemphfied by the experience of one large 
power company. Good materials had always been used and 
construction was good, but the matter of details of design and 
materials had been left to the individual construction foremen to 
quite an extent, as is usually the case where standardization has 
not been introduced. By careful study of each item of material 
(together with details of construction) approximately one-half 
the number of stock items of overhead line material was elim¬ 
inated. The remaining materials were improved by introducing 
manufacturers’ standards and better designs where possible. 
Some of the reductions made by the original study were as 
follows: 


Class 

Number of 
items before 
standardizing 

Number of 
items after 
standardizing 

Poles 

28 

18 

Cross-arms 

12 

7 

Pins 

16 

7 

Braces 

9 

5 

Insulators 

20 

11 

Bolts 

44 

25 


After the first standardization, further simplification was later 
made. Cro^arm items, for example, were reduced to 3, pins to 
3, and insulators to 8. It is evident that such reductions as these 
illustrated cannot but prove beneficial. 

Unfortunately, there has been as yet little real standardization 
of national scope in the matter of line materials. The National 
Meotric Light Association Overhead Systems Committee has 
published in the “ Overhead Systems Reference Book ” and later 
serial reports, suggested standards for major items of material, 
but these have not been officially offered as standards. The 
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matter of official standards has been left to the American Stand¬ 
ards Association, whose work of necessity must be very carefully 
and thoroughly done and hence take considerable time. The 
specifications of the American Society of Testmg Materials are 
very useful as standards for the quahty of certain materials such 
as eopper, steel, etc., and there are standard specifications for 
hard, medium, and soft-drawn copper wire, stranded wire, 
rubbeivinsulated wire, galvanizmg, etc. The American Institute 
of Electrical Engineers also has a series of standards which includes 
various grades of copper wire, aluminum wire, and insulators, 
referring especially to methods of testing. Anyone interested 
in standardization of line materials would do well to become 
familiar with the work of these various organizations and keep 
in touch with their future efforts, as development work in this 
imft is being constantly earned forward. 

National standards for these materials are, of course, desirable 
as they wiU allow the manufacturer to elimmate a large percentage 
of the items which he now must carry. For example, there would 
seem to be little reason why the number of different types and 
sizes of secondary racks used should be more than possibly 6 or 
8 at most and yet one manufacturer lists more than 25. Eeduc- 
tion in the number of different kinds should mean reduction in 
price for the standards retained. In considering standard 
items at present, however, it should be remembered that for most 
of the types of materials, satisfactory standardization has not 
yet been finally accomplished—^it is stiU in progress The 
National Electric Light Association list of suggested standards, 
while as good a compilation as now exists, is still in course of 
preparation and in some instances is perhaps, at present, more 
iiTmf.ing than is warranted by circumstances. With cross-arms, 
for example, the National Electric Light Association cross-section 
for ordinary low voltage arms has been by in. Many 
companies have used 3K- by 4K-hi- arms for years, they aie 
suitable for their purpose and cost less than the standard” 
since they are just as standard an item with the manufacturers, 
who produce them in large quantities. In such cases, the 
increase in cost of adopting a suggested standard is hard to jusiafy, 
nnlAHo it rta-Ti be forseen that eventual economy may r^ult. In 
other words, in the present condition of standardization, it is 
desirable to conform with the standards proposed by the various 
national organizations if practicable, but one must also take into 
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consideration the matter of whether such standards will accom¬ 
plish for him a reduction m cost or an improvement in construc¬ 
tion with the increase m cost, allowing of course for the possibility 
of reduction in price if the manufacturer can concentrate on one 
standard item instead of several. 

In selecting standard materials and approving the particular 
items offered by different manufacturers, the value of laboratory 
and field tests should be emphasized. Such tests will often show 
weakness in the material or design which is not at aU apparent 
from visual inspection. The field test under conditions simulat¬ 
ing actual operating conditions as far as possible is preferable. 

Another important requirement for effective standardization of 
materials is cooperation between the engineer and the storekeep>er, 
purchasing agent, and construction men. The storekeeper can 
be of great assistance in enforcmg strict adherence to standard 
materials, reporting defects in materials or designs observed or 
complained of by construction men, reporting slow moving or 
obsolete items of stock, and disposing of non-standard materials 
which may be used up. The latter is an important feature of the 
work of standardization. Many materials which are eliminated 
as standards in reducing the variety of sizes, etc., may still be 
used up without difficulty. With other materials, such as those 
found too weak or of too short life for the service required, other 
disposal is preferable. It sometimes requires considerable 
judgment and consideration of costs to decide what disposal 
should be made of non-standard items. 

The purchasing agent can cooperate by referring all materials 
and designs to the engineer for approval The most effective 
results in this work can be accomplished if the fields of the engi¬ 
neer and the purchasing agent in this regard are kept entirely 
distinct, the former having approval of materials as to design 
and quality, and the latter the choice of the source of supply, 
subject to such approval. 

Specifications for Materials.—One of the greatest aids in 
standardization of materials is the preparation of formal specifica¬ 
tions for such materials as can be so treated, such as poles, cross- 
arms, wire, etc. With such specifications, the purchasing agent 
can have a greater choice of sources of supply, and all manufac¬ 
turers know exactly on what basis they are quoting. They 
also give a measure which can be applied to the material after it is 
received. 
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Figure 336 is a reproduction of such a specification, as a 
typical example. 

In the preparation of a specification, it should be kept in mind 
that the purpose is to tell the manufacturer just what is wanted, 
clearly and plainly, so that no misunderstanding is possible 
The shorter the specification, the better, provided it clearly 
describes the qualities expected m the material. Where other 
standards are used as a reference, such as American Standard 
Testing Materials Specifications, they need not be copied, unless 
explanations or exceptions make it necessary. 

Where sizes are specified, tolerances should usually be included 
in the specification. It is impracticable to make any dimension 
absolutely exact—expansion or contraction of material with 
temperature or degree of moisture changes aU dimensions. By 
specifying tolerances, the degree of inaccuracy of manufacture 
may be limited. The tolerances should be as large as the cir¬ 
cumstances of use will allow, since, as a rule, the greater the 
accuracy the greater the cost. With porcelain materials, great 
accuracy is, as a rule, impossible since the material changes 
considerably in being fired. With wood, fairly large tolerances 
are necessary to allow for changes with moisture content and 
natural inaccuracies in manufacture. Typical tolerances are 
shown on a number of drawings in previous chapters, such as 
Fig. 186, etc. 

Inspection of Materials .—Specifications for materials can be 
made really effective only if they are followed up by cartful 
inspection of the material, either at the manufacturer’s plant or 
on delivery. If such inspection is not carried out, there is no 
assurance that the matenals received are what is desired. Even 
when the manufacturer conscientiously tries to live up to the 
requirements, there are sometimes mistakes made which may 
produce results far more costly than the expense of inspection 
would have been. It seems obvious that there is little use in 
setting up requirements to be met unless a check is made to see 
that they are met. 
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TSDB ]>ETR0rr £l>ISON Ck>ACPAMT 

SPECIFICXTION 


SpadfiCRtfon 82 
ftevtMd March », 1027 


UNTREATED WOOD CROSS ARMS 

1. MATERIAL 

Untraatad wood oroos arms. DouqIm Fir. 

E USE. 

Ovorhead lines eonatruction. 

3. GENERAL 

Craaa arms shall be made from straight grained, tKoroughty alr-driM or kiln-dried. >atiow Dougfasa 
Fir The style and daUil number shall be specifiad on the Purchsae Order 

4 DEFECTS 

The eroaa arms shall not contain any of the followfna dafeota- 

<a> Annular Rings. Annular rings counted radially averaging lass than 8 par Jnoh. 

<b> Checks. Cheeks axoaeding 12 inches in length, H Inch in depth, or 1/lS inch in width 
<«j> Grain Grain, as shown by the medullary rays of the wood, which departs from paratlaltsm 
with the axis of the cross arm by an amount greater than 1 inch ml foot of length Capproximateiy 5 degrees) 
(d> Knots. Loose or unsound knots. Knots exceeding Inch In diameter in any 3-inoh longitudinal 
section having pin or bolt hole at its center Single Knots ora plurality of knots in any 6-lnoh longitudinal 
section having a total diameter In excess of X inch. 

<e> Loose hearL 

(f> Pitch Pockets, Pitch pockets emeeding B inches In length or 34 Inch in width Pitch pockets 
exceeding 4 inches in length or H inch In width which entsr a pin or bolt hole on the top of the arm. Single 
pitoh pockets which extend through the arm appearing on mors than one surface. 

<igt> Rot. Rot, dote or red heart. 

<h> Eapwood Sapwood In encase of as per cent in any eroes eeotion taken In a plane porpondioulsr 
to the aide of the oroea arm 


Fig. 336.—Typical example 
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Specifieation No. S2 
Page 2 


4 DEFECTS—Con't 

0) Shakes. Cracks or splits oonoentrlc to the annular rings of the wood 

G> Wane Bark or reduction of cross section due to removal of t>ark. 

(10 Warp Warp exceeding inch for cross arms 8 feet or less In length, and 11nch for cross arms 
10 feet in length The warp shall be determined by measuring the offaet between the crass arm and a 
straight-edge laid lengthwise on the concave face of the cross arm. 

0 > Worm holes. 

5. WORKMANSHIP AND DIMENSIONS 

Cross arms shall be finished smooth and true Ail bolt and pin holes shall be smooth and alt buns 
removed where bits have broken through Brace bolt holes shall not be dniled through the pin holes. 
The dimensions for details 2, 3 and 4 shall be as shown on pages 3, 4 and B. The allowable varlattone 
shall not be exceeded 

6. REJECTION 

Failure to conform with this specification shall constitute cause for rejeetion 


o 


OETAIL^-2 

Standard 1H”—6 Pin 3)^ x 4>^ x 96* Cross Arm 
Stock No 4102-002 
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CHAPTER XXIX 


JOINT CONSTRUCTION WITH COMMUNICATION 

CIRCUITS 

The joint use of poles by power supply circuits and communica¬ 
tion circuits, especially the local distribution circuits which serve 
the same customers, offers such seemingly obvious advantages 
that there is little doubt that it will be the common practice in 
the future in most localities. Such construction is quite general 
now and its use is rapidly increasing. There are certain apparent 
limitations to joint use however, and various problems arise in 
connection with joint use agreements and construction. It is 
the intention of this chapter to discuss briefly these points with 
which the distribution engineer should be familiar in this 
connection. 

The advantages of joint use are clearly apparent. One pole 
line may be built instead of two, thereby making a better appear¬ 
ance on the street or alley and saving the cost of one line. In 
addition to this it is often easier to maintain proper clearances 
between the service wires and circuits of the two utilities when 
both are carried on the same pole line than when each occupies its 
own side of a street or alley—the service wires of one do not have 
to cross over or under the line conductors of the other, see Pig. 
337. Where both lines must be built on the same back lot line 
or easement, joint use is clearly the best arrangement since 
practically the same clearances and grade of construction are 
required whether the wires are on the same or separate poles. 
These advantages are obvious and need no further discussion. 

The disadvantages of joint use are not so well recognized, how¬ 
ever, but are sometimes of considerable importance. In the 
first place, the saving in cost of construction is not always what 
it seems and usually is not equal to the cost of the second line 
of poles. The following additional costs must be considered: 

1. The loading on the pole will be heavier than with either of 
the utilities alone. If the load of either is such as to be anywhere 
near the limit of strength of the poles normally used, the poles 
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for tiho jointi lino luus't bo eit^hor of larger diame'ter or be more 
closely spaced. 

2 The Safety Code requires a higher grade of construction 
under certain conditions for joint use than would be required for 
separate lines. This may necessitate heavier poles. 

3. The clearances re¬ 
quired between the con¬ 
ductors and equipment 
of the two utilities is 
likely to necessitate the 
use of higher poles for 
the joint construction 
than would be required 
for either if on separate 
leads. 

4. The presence of for¬ 
eign wires on the pole is 
very likely to cause an 
increase in the cost of 
construction and main¬ 
tenance for both utilities. 

5. The rearrangement 
of old lines to provide 
proper clearances for a 
second utility’s eqmp- 
ment may not be a 
small item. 

6 The routine neces¬ 
sary for interchange of 
permits, keeping records 
of p>oles jointly occupied, 
and collecting rentals or 
portions of construction 
costs, all involve an ex¬ 
pense not incurred with 
separate lines. In addition, closer inspection of construction is 
likely to be advisable to insure the mamtenance of safe conditions. 

In addition to the above items of cost, the matter of voltage 
limitation is a very important consideration. At present the 
communication utilities indicate 6,000 volts as the limiting volt¬ 
age of supply circuits with which they consider it advisable to 
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Clearances of service wires with sep¬ 
arate construction and with joint use 
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enter into joint use. This limit is based on the rating of the pro¬ 
tector ordmarily used on telephone services. The tendency 
in power distribution is everywhere toward higher voltages as 
loads increase, and 5,000 volts is not now considered a high dis¬ 
tribution voltage. It seems very probable that the future will 
see a general use of voltages greater than 5,000. On the other 
hand, the commumcation utilities must be allowed to judge 
the requirements and necessities of their own service. This 
principle is enunciated in the “Principles and Practices for the 
Joint Use of Wood Poles” prepared by the Joint General Com¬ 
mittee of the National Electric Light Association and the Bell 
Telephone System. In certain localities, joint use with higher 
voltage lines has been entered into, and it seems probable that 
means will eventually be found whereby jomt use with higher 
voltages will be made generally acceptable. At present, however, 
the communication utilities are preferring the 5,000-volt limit as 
a general rule, and this should be remembered when entering 
into a joint use agreement at a lower voltage. No matter what 
the distribution voltage may be now, it is well within the realm 
of probabihty that conditions may necessitate a change to higher 
voltage at some future time. Whether or not the voltage limita¬ 
tion is stated in the agreement, until the present attitude of the 
communication utilities changes, opposition may be expected to 
raising the supply circuit voltage above 5,000 volts. This con¬ 
dition should be understood. Another factor in the situation 
is that indicated in Item 2 above, under “Additional Costs.” 
For hi^er voltages, the Safety Code specifies higher grades of 
construction (see below under “Construction Requirements”). 
The changes to a higher voltage may involve an appreciable 
amount of rebuilding if joint use is continued. 

Another factor to be taken into account with joint use, espe¬ 
cially at the higher voltages, is the possibility of increase in 
inductive interference problems. Such troubles are likely to 
increase as the separation between circuits decreases and 
additional expense may be involved in correcting them. 

It is not intended, in enumerating the disadvantages above, to 
indicate that joint use is not advisable. On the contrary, for 
many conditions it is to be recommended. It is merely wished 
to point out some of the conditions involved which tend to offset 
the seeming advantage in all cases and which may make its use 
inadvisable in some instances. 
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In general, joint use is to be recommended for city and suburban 
distribution circmts, particularly the branch lines in streets, 
alle 3 rs, or easements from which the customers’ services are taken. 
For these, the poles used for the power circuits are quite likely 
to be high enough and strong enough to accommodate telephone 
circuits without change in size or class. 

For main feeder circuits, the advantages of joint use from the 
standpoint of economy are more questionable, since the pole 
hnes carrying such circuits are more hkely to be heavily loaded. 
From the standpoint of appearance, however, it may be advisable, 
even if no economy results. 

For rural or farm hnes, joint use is not so likely to be advanta¬ 
geous. For such lines, the supply circuits can often use long 
spans and short poles, services being few, and the addition of 
commumcation circuits is likely to introduce greater increase 
in cost due to higher poles and shorter spans than the cost of 
the separate commumcation line on short poles on the other side 
of the road. Also, on farm lines there is greater possibihty of 
higher distribution voltage being necessary than in the city. 

For communication toll circuits, separate lines are advisable 
on account of their higher service requirements. Also, for supply 
transmission circuits, separate lines are usually to be recommended. 

Joint Ownership versus Rental.—The division of cost of poles 
in joint use is accomphshed, in general, in two different ways. 
In some cases, each pole occupied jointly is jointly orvned, t.e., 
each utility owns a share of the pole. The utihty erecting the 
pole is paid a part of its cost by the other who thereafter partakes 
in the rights and responsibihties of the ownership. This plan 
avoids possible discussion as to which utihty shall erect and own 
any particular line of poles. On the other hand, many utilities 
prefer to retain complete ownership and control of at least a pairt 
of the number of poles jointly occupied. This is especially 
likely to be the case where joint use is to be entered into between 
two utilities, one of which owns a large majority of the poles 
already in place which are suitable for joint use. For such 
cases a space-rental agreement may be used, each utility owning 
its own poles and renting to the other a certain specified space 
thereon at a stipulated yearly rentaL Usually, with this foraa 
of agreement, some provision is included for eventually equalizing 
the ownership of poles so that the yearly rental pas^ments from 
each company to the other will very nearly balance each other. 
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Some of the older forms of agreement were based on contact 
rental, f.c., a specified rental for each conductor or other attach¬ 
ment. Such an arrangement however is not logical and involves 
a vast amount of work in keeping records of contacts and pay¬ 
ments therefor. Space rental is much more consistent with 
practical conditions (since the same pole will be set regardless 
of the ntimber of conductors, within certain limits) and is 
much simpler to use. 

Features of Agreement.—It is not intended wd go into details 
in regard to contracts covering the joint use of poles. Some 
companies get along without any formal contract but it is usually 
considered advisable to have a definite agreement covering the 
various features of the case. Some of the more important will 
be pointed out briefly with especial reference to the space-rental 
type of agreement, although some of them apply also to joint 
ownership. 

1. It is well to stipulate in some way what poles are included 
in the agreement. In some cases it may be wished to reserve 
certain t 3 rpes of lines. In one type of agreement, only the 
methods by which poles may be brought under joint use are 
included, the individual permit issued for each pole so used being 
the only actual contract covering the use of that pole. Whatever 
form is used, it should be fundamentally recognized that each 
utility should be the judge of whether a particular circuit of its 
own is suitable for being brought into joint use, subject of course 
to the necessities of the case and the rights of the public to receive 
service from the other utility. 

2. Where old i>ole lines must be reconstructed or rearranged 
to provide for joint use, the method of division of cost for such 
rearrangement should be stipulated. In some cases, the theory 
that the owner as the renter should put his house in order for 
the lessee, places the full cost on the owner of the pole. Another 
theory is that the cost of rearrangement should be divided 
between the two parties on the same basis that the cost of the 
pole is divided (in computing the rental). 

3. Provision should be made that all construction on the pole 
should at all times be maintained to the satisfaction of the owner 
(under space-rental). 

4. Provision should be made for advance notice from each 
utility to the other of intention to build or alter any pole line, 
so that opportunity is afforded for providing for joint use if 
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desired. Such giving of notice may hamper the furnishing of 
prompt service to customers if not limited to some extent. If 
proper cooperation is offered by both pauses in general plamung, 
and typical construction details are worked out beforehand, a 
large percentage of cases can be handled very promptly when 
actual construction is decided upon. Advance notice can some- 
'times be waived in such cases. 

5. It is usually advisable that all the poles in a given lead be 
owned by the same utility rather than that the ownership be 
mixed (except of course under joini ownersht'p). Provision for 
t.hia is desirable, also for the general proportion of the total 
number of poles to be owned by each party. 

6. Provision should be made for abrogation of existing agree¬ 
ments or brin gin g them into agreement with the joint-use con¬ 
tract. Also it should be stipulated how third parties may be 
allowed on the poles if necessary. 

7. The details of apphcation for and issuance of permits for 
the use of any pole should be specified, also what the permit 
covers, what is considered an attachment, etc. 

8. Provision for maintenance of poles and lines should be 
included. It is customary for each utility to maintain its own 
linftg but the cost of maintenance on poles, especially mamtenance 
such as when poles are broken by storm, is sometimes divided 
between the two parties. 

9. The termination of joint use of any pole is a possibility 
which must be considered. The owner of the pole should retain 
the right to recover sole use of his pole if he wishes it, giving the 
lessee reasonable consideration as to time of removal and reloca¬ 
tion of his line. The lessee also should have the right to abandon 
a joint pole if he wishes, but the owner should have some con¬ 
sideration for the extra cost he may have incurred in preparing 
the pole for such use. (This may be accomplished by a min i mum 
rental period.) IMsposal of the pole (by sale or otherwise) 
should be provided for in case the owner wished to abandon a 
pole which the lessee desires to retain. 

10. Obtaining of right-of-way, franchises, permits, etc., should 

be considered. 

11. Details of record files, maps, etc., and marking poles m 
the field should be included. 

12. Pr ent sl charges (or division of cost in case of joint poles) 
should be definitely agreed upon. It is customary to set up a 
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standard joint 'pole of certain size and class (such as 35-ft. Class 
B or Class C pole) and the rental based on an equitable division 
(one-half to each party for example) of the annual charges on the 
cost of such a pole in place, including cost of pole, labor, and a per¬ 
centage for overhead. Where either party desires a larger pole 
than the standard, some adjustment of charges is qsually made. 
It will sometimes be found, however, that where the extra-sized 
poles are comparatively few, the bookkeeping involved m keep¬ 
ing special record of them costs a considerable part of the extra 
rental received. It is simpler and cheaper in such cases to include 
a consideration of the hi^er poles in the single rental charge, 
Tn«.lri-ng it the Same for all poles. 

13. Provision should be made for periodic revision of rental 
charges and also for revision of contract provisions if such changes 
become advisable. 

14. limitation of the voltage of supply lines is sometimes 
included in the agreement but such limitation is undesirable from 
the point of view of the power supply company. Provision should 
be included however, for methods of discontinuing joint use in case 
the supply circuits are changed in such a way that the communi¬ 
cation utility does not consider joint use any longer possible. 

15. Arbitration of points of disagreement is generally provided 
for. 

16. Liability of each party in case of injury to workmen or 
the public is often covered. Where habihty is clearly stipulated 
by state law however, a clause in the joint-use agreement may 
be superfluous. 

17. The type of construction to be used should be indicated. 
It is usually convenient to make construction specifications a 
separate document, referring to it in the main contract. Pro¬ 
vision may then be made for greater flexibility in the specifica¬ 
tions, revising them or adding to them as frequently as necessary 
Where no other codes or rules govern, the National Electrical 
Safety Code is a good reference as the basis of joint construction. 
It should be kept in mind, however, that the Safety Code is a 
code of requirements which are considered as minimums for safe¬ 
working conditions and is not in any sense a construction speci¬ 
fication. Some details of construction requirements will be 
taken up further. 

Construction Requirements.—The Safety Code specifies a 
definite grade of construction for jointly occupied poles, the 
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grade depending on the voltage of the supply circuits. This 
was indicated in Chap. XVI. In general the grades are: 


0 to 760 volts Grade N 

750 to 5j000 volts « ^ Or&d© C 

5,000 to 7,500 volts Grade B 

Exceeding 7,500 volts Grade A 

Constant-current circuits, O to 7 5 amp Grade C 

7 5 to 10 amp Grade B 

Exceeding 10 amp Grade A 


Note. —the supply circuit is m cable. Grade C applies in most cases 
Where the communication circuit may be classed as a mmor circuit (not 
clearly defined in Code) when the conditions above call for Grade A, Grade 
B may be used, and when they call for Grade B, Grade C may be used 
The requirements are somewhat less for commumcation circuits used only 
in the operation of supply circuits. 

The requirements for the different grades are indicated in 
various points m previous chapters in discussing strength of 
different parts of the construction. 

The clearances prescribed by the Safety Code are discussed in 
Chap. XXIII. In general it is recommended that the supply 
circuits be placed above the communication circuits. The ver¬ 
tical separation should be as follows: 

Between supply circuits, 0 to 7,500 volts, and com¬ 
munication circuits. .. 48 in. 

Between supply circuits, 7,500 to 50,000 volts, and 

commumcation circuits . . 72 in. 

Between non-current carrying parts of supply equip¬ 
ment (such as transformer cases) for 0 to 7,500 

volts, and commumcation circmts . 40 in. 

Between non-current carrymg parts of supply equip¬ 
ment (such as transformer cases) for 7,500 to 

50,000 volts, and communication, circuits.60 in. 

Between non-current carrying parts of supply equip¬ 
ment and commimication equipment. ... . same as above for 

correspondmg volt¬ 
age 

Between supply circuits 0 to 750 volts or in cable at 
any voltage and non-current carrying parts of com¬ 
munication equipment ..40 in 

Between span wires or brackets for lamp or trolley 
contact conductors and cross-arms carrymg com¬ 


mumcation conductors- . . , . . 24 m. 

messenger wires carrying communication cables. 12 in. 
terminal boxes of communication cables.* .. 12 m. 
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In the specifications it is well to indicate the maximum load 
which may be carried on the standard pole and on other larger 
poles. For example, the following might be given in heavy¬ 
loading districts: 



(ja) Along and Cross! no (b) Along Rural Roads Where 

StreetSjATl^s and roads accessi ble to Vehicles 



(c) On Easements and Private 
and along Roads where 
accessible to Pedestrians only 


(d) On Easements and Private 
Proper^,etc.,occasional pole 
wheiie Sup ply Zone must ^ large 


Reg. 33S.—Allotment of pole space, based on ground dearanoe. 

MiLXIMUM liOAD ON* SS-FT. CLASS C POLB, IN SPANS NOT OVXIB 160 FT. 

8 power wires not larger than No. 2 (T.B.W.P.) 

1 telephone cable not larger than 200 pair 
1 twisted pair telephone wire 

The side-wind pressure on various conductors was given in 
Chap. XXII. Table XLVII gives a few of the ordinary sizes 
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of wire and several sizes of telephone cable, the loading being 
that of 8 lb. per sq, ft. wind on the wires covered with in. of ice. 
Strength of poles was discussed in Chap. XVI. 


Tabud XXiVTI —Wind Loadinq on Icn-covnbbd Wires 


Pounds per Foot 

No. 6 T.B.W.P . 0 88 

No. 4 T.B.W.P.. 0 92 

No. 2 T.B W.P_ 0 96 

No. 0 T.B.W.P . 1 08 

No 0000 T B W.P . 1 19 

50-pair cable (including messenger) 24 gauge .. 2 04 

22 gauge .. 2.06 

200-pmr cable (including messenger) 24 gauge . 2 45 

22 gauge . 2 53 

600-pair cable (mcluding messenger) 24 gauge 3 05 

22 gauge 3 08 


The spacing of poles should be carefully specified with due 
regard to the allowable loading and the spans allowable for each 
type of circuit. Spans over 150 ft. are usually not advisable. 


1 

1 

1 

-X- 

Supply Zone 
- 

1 

1 

Neutral Tone 
—yfset 


CommumcafionTone 
- teef 

1 

A 

1 

1 

1 

1 

1 

1 

1 

to ground 
- feet 

1 

1 


1 

1 


Fia. SSO.'—Allotment of pole space, on standard pole. 


The space allotted to each utility on a pole should be definitely 
indicated. Conditions will usually vary, the required clearance 
above ground being different in an easement than along a street, 
for example. The space assignment is quite often governed by 
the height above ground which is required by the communication 
circuits and attachments. It is sometimes feasible therefore 
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to indicate the division of pole space for various conditions as 
shown in Fig. 338, on the assumption that the communication 
line will take such space as is necessary; the supply lines taking 
what is left above the required neutral zone in each case, making 


W/tere nettfra/zoMishss 
than 6 -O "use tvoocfguarsf 
arm oi^ commumcafjan 
cahfe 

4 . 


ne conductors on cross 
armskvAcroMotv attach- 
menfs of other at/t/t/es 
must clear the pole sur- 
fdeehyatJea^ S tnches 



Minimum 

Height 


From 
(Lines above) 


private communication c/r 
grouped mthsuppfy arcu/ts 
Supp/y circuits O to ipoo yo/ts 
Supply circuits overlfiOOvotts 


Communication 

Zone 

\ 

I 

I 

I 

I 

I 

I 

f 

I 

-X_ 


Nor£> WhereXis !ess than ^either XorZ must be at feast 30*for^ 
efimbing space; otherwise the sum of X'l-Z must be at feast SO ' 
(3$ "if the supp^ fines aboye are oyer IjSOOyofts) 

1 he same applies wfiereXiS measured from communication 
oonefuefors to supply conductors earned on secondary nsrcAs 
on the side of the pole above 

Fxo. 340.—^Neutral space, climbing space, etc. 


their construction conform with the spa;ce allowed. Another 
method which is based on a sUmdard division of a standard pole 
is shown in Fig. 339. It is perhaps seemingly more equitable 
but does not make for as great economy as the first method indi¬ 
cated, since ground clearance, and hence the necessary commimi- 
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cation zone, is not the same for all locations. If more space 
than the standard is required by the supply zone, a hi^er pole 
must be set unless the communication zone can be decreased. 
Some intermediate method between the two indicated is also 
possible. 

The amount of space required for the neutral zone is indicated 
in the clearances given above and is shown graphically in Fig. 


i^rf/cal run tn jnsukxfmg^^^ 
coficfu/f€>rm3odmou/dtna"^ 
or in cab/e earned on/nsu^ “ 
from pole sur^xce ( 





, Suppty Crossarm 
Srpp/y 2one 
and NetdretJZone 
I 

tHP 0 8 0, 


Comrharucafron 
K Crossarm 


Not less 
than 12’’ 


Communication 

Cab/e 

\(or other egu/pment 


Fia. 341.—Clearances with street-lamp fixture. 


340. Climbing space requirements are also shown on the same 
figure. A guard arm must be used over the tdephone cable 
where the neutral zone is less than 6 ft. high. If it te assumed 
that this arm is for the protection of linemen working on ihe 
supply circuits as well as protection of the cable, it should be 
required that no attachments be placed on that arm, otherwise 

a hazard may be introduced. i . - j- 

The clearance with a street lamp mounted on the pole is mdi- 

cated in Fig. 341. 
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In Fig. 342 is shown the method of making vertical runs down 
the pole. Pig. 342(a) showing the protective covering for cables, 
Fig. 342(5) for ground connection wires, and Fig. 342(c) a service 
cable (760 volts or less) on insulators. 

The above points are indicative of some of the features which 
should be covered in the specifications. Some engineers prefer 



to make the specifications complete, covering all the requirements 
for the construction of the lines of both utilises, and not depend¬ 
ing upon the Safety CJode or other rules for reference. Where the 
Safety Code or other sinoilar rules govern the construction of both 
companies, however, it is essential only that such points as are 
not clearly covered in the code or rules, and need explanation or 
amplification, such points as are not covered or not su£Biciently 
covered and on which special agreement has been reached 
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between tbe two companies, and sucb parts as refer specifically to 
the joint nse of the poles^ need be covered by these specifications. 




Fig. 34:3*—Typical join-fc use constructioxx. 

assuming that the construction of each utility otherwise will be 
in conformance with the code or other governing rules. 

Figure 343 shows a typical pole construction with joint use. 




CHAPTER XXX 


FUNDAMENTAL THEORY 

The material in this chapter is included as a source of ready 
reference for some of the major points of fundamental theory in 
connection with the mechanical design of distribution hnes. The 
usual conceptions of stresses and strains in materials are given 
and the action of ordinary types of beams, columns, etc., under 
load. It is not intended to be in any way a complete discussion 
of the various subjects but more as a reminder of the considera¬ 
tions involved and the formulae used, it being assumed that the 
reader already has a working knowledge of the theory of stresses 
and strains in materials and structures. 

Stress.—Whenever a body is subjected to external forces, there 
is a resulting tendency within the body for the molecules to 
become displaced or the body to become disrupted. The internal 
force which resists this tendency is called stress.^' The term 
is also somewhat loosely apphed to the external force as well, 
and for ordinary purposes no confusion results from such use. 

The term strain is also sometimes used in referring to the 
externally applied forces but strain in reality refers to the distor¬ 
tion of the material due to its being stressed and hence should 
not be used to designate applied force or loading. 

Stresses due to mechamcal forces are, in general, of three 
kinds: 

1. Tensile stress or tension is the stress which tends to keep the 
adjoining planes of a body from being pulled apart under the 
influence of the forces acting away from each other. Fig, 344(a). 

2. Com^ess%ve stress or compression is the stress which tends to 
keep two adjoining planes of a body from being pushed together 
under the influence of two forces acting toward each other. Fig. 
344(6). 

3. Shea/ring stress or shear is the stress which tends to keep two 
adjoining planes of a body from sliding one on the other under the 
influence of two forces, parallel and in opposite directions, Fig. 
344(c). 
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A body under tension or compression has present in it shearing 
stresses also (and vice versa, a body under shear has tensile or 
compressive stresses). For example, in Fig. 344(d), the force P 
may be divided into two components, Pi and P 2 along and at 
right angles to the plane a-a which is inclined to the axis of P. 
Pi is a tensile stress, P 2 a shear. 


Unit stress in a body 
is the stress which acts 
on a umt area. If the 
stress is umformly dis¬ 
tributed over the plane 



(a) Tension 


under consideration, 
unit stress is equal to 
the total force divided 
by the area of the plane. 
Unit stress is expressed 



(b) Compression 


in pounds per square 


inch, tons per square 
foot, kilograms per 
square centimeter, etc. 
Elasticity.—When a 



body is stressed, some (o) Shear 

deformation results, as 


no material is perfectly 
inelastic although there 
are various degrees of 
elasticity in various 
materials. The defor¬ 
mation (sometimes 
called strain as ex¬ 



plained above) maybe (d) Relation of Shear to Tension 

(a) elongation due to Fio. 344. —simple stress, 

tension, (6) shortening 

due to compression, (c) slipping of one plane on another due 


to shear. , 

When the stress does not exceed a certain limit, which 
different for different materials, the deformation will be practi¬ 
cally proportional to the stress. If the stress is applied and then 
removed, the body will return to its origmal size. After that 
hmit has been reached, if the stress is increased, the deformation 
will be relatively greater in proportion to the stress, and if the 
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stress is tLen removed, the body will not regain its original size 
but will have a certain amount of permanent deformation or set. 
If the stress is increased stiU further, a point will eventually be 
reached at which no further increase can be made. Either the 
body becomes disrupted or fails at that point, or deformation 
continues without further increase in stress until failure occurs. 

Figure 345 illustrates a typical stress-deformation curve. Up 
to the point A, the stress is directly proportional to the deforma¬ 
tion and the curve is a straight line. The point A is called the 
true dasttc Umii. Beyond A the deformation increases more 



rapidly than the stress and, if the stress were released at some 
point such as B, the relation of stress and deformation would 
follow some such hne as BE, back to zero stress, and the body 
would have a permanent deformation equal to OE. At the point 
C no further appreciable amount of stress can be added. For 
ductile materials, such as steel, the body may continue to deform 
without increase in stress and with perhaps a fiTui.1 decrease in 
stress until failure finally takes place at D. Non-ductile mate¬ 
rials usually will not show the latter phenomena, failing at C. The 
point C is called the yietd point. UU%maie strength is the maxi¬ 
mum stress reached, at C or possibly a little higher. The strengOi 
at rupture may be lower than the ultimate as indicated at D. 

Different materials differ widely in the shape of their elaj^o 
curves. For steel, for example, the point A is relatively h||^, 
stress being proportional to deformation for a fairly high |ier- 
centage of ultimate strength. For soft-drawn copper, on the 
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other hand, the portion OA of the curve is relatively short, there 
bemg some permanent deformation at comparatively low stress. 

The eloMtc hmzt as defined above is likely to be lower t.^gn it is 
practicable to use in design, especially with such materials as 
soft-drawn copper. A higher practicable value is obtained, 
called “Johnson’s elastic Itmtt” after J. B. Johnson who sug¬ 
gested it, by assuming the elastic hmit as the point on the elastic 
curve where the tangent has a slope 50 per cent greater than the 
slope of the lower straight part of the curve (up to the true 
elastic hmit). Another su gg ested elastic limit uses a point 
whose dope is twice that up to the true elastic Hmit. The 
yteld 'point is sometimes used as the elastic limit, but this is 
undesirable. 

The slope of the straight part of the curve, up to the true elastic 
limit, is called the “modvhis of elasticity." It is commonly 
designated by the symbol E and is expressed by 

^ _ unit stress (pounds per square inch) 

~ unit deformation (inches per inch) 

A design must be based on some specific unit stress which is 
considered allowable or working stress. The relation between 
the ultimate strength of the material and this working stress is 
called safety factor. A safety factor is necessary to allow for 
the following considerations, in designing a structure which will 
be safe: (a) the material may vary in quality, some being weaker 
than the average strength assumed; (6) the loads may be more 
at some times than is foreseen in the design (this is especially 
true in structures subject to impact loading); (c) the elastic 
limit may be of the order of 50 per cent of the ultimate strength 
and it is desirable to avoid permanent deformation in a structure 
by not exceeding the elastic Hmit. 

The size of the safety factor to be used depends on the degree 
with which the above-considerations afiect the problem. For 
distrihution-hne design, the loads to which the structures are 
assumed to be subjected are usually an extreme condition which 
will seldom, if ever, be reached. The safety factors used may 
be somewhat less, therefore, than is required for other structures 
where the assumed maxim um loading is more often experienced. 

Moments of Inertia.—The moment of inertia of plane areas 
enters into many of the computations of stresses in bodies. The 
moment of inertia of an area about some line or axis is equal to 
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the sum of the products obtained by multipl 3 ring each infini¬ 
tesimal area of the cross-section by the square of its distance 
from the axis, see Fig. 346. 

Moment of inertia = / = (106) 

The moment of inertia cannot be obtained by any simple 
computation but requires a process of integration. Table 

XLVIII gives the mo¬ 
ments of inertia for var¬ 
ious ordinary sections. 

The axis about which 
moments of inertia are 
usually figured for the 
purpose of stress com¬ 
putations is one through 

Fio.346.-Momeivtofmertiar-geixeral. gravity of 

the section. This is called the neutrai axis of the section in 
this case since, under bending stress, the stress is zero along 
this axis (see below). The axis used in Table XLVIII is the 
neutral axis. 

It is sometimes desirable to find the moment of inertia about 
some other axis than the one for which the moment may be known. 
For example, from Table XLVIII'the moment of inertia of a 
rectangle about its neutral axis 
is M Th® moment of inertia 

about an axis along one edge of 
the rectangle, but parallel to the 
neutral axis may be desired, see 
Fig. 347. It may be determined 
by adding to the moment of 

inertia about the first axis - L — 

(neutral) the area of the rec- — ^Traiufer of axes—utoment 

tan^e times the square of the of inertia, 

distance from the first axis to the second. For the case of the 
rectan^e assumed above, the moment of inertia about axis 
a-a is 

- iw + 6^(5)’ - + I) - §!.». 

This relation holds true for any other area as well as the 
rectan^e used in the example. It is useful in computing the 
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moment of inertia of odd-shaped sections such as r or channel 
sections which can be subdivided into rectangular or triangular 
parts. The moments of each of these parts can be figured about 
its own axis and then transferred to the neutral axis of the section 
as has been indicated. 

A moment of inertia about an axis perpendicular to the plane 
of the section is sometimes used. This is called the polar 
moment of inertia. ” This moment of inertia is similar to the 
moment defined above except that the distance Z in the formula 
I = Lz^da is the distance from a point in the plane rather 
than from a line, see Fig. 348. The polar moment of inertia 
may be obtained from the moments of inertia given above 
(about an axis in the plane of 
the section). It is equal to 
the sum of the moments of 
inertia about two axes at 
right angles to each other 
through whose intersection 
the polar axis passes—axes 
o-a and b-b. Fig. 348. For 
example, the moment of 
inertia of a circular area 343^,—^Poiar momeiit of mertia. 

about its neutral axis is 

0.0491d'*. The polar moment of inertia about a polar axis 
through the center of the circle would be 

jr = 2J = 0.0982dt (106) 

This polar moment of ineitia is used in computing torsional 
stresses. 

Another quantity which is used in the computation of stresses 
in columns is the radius of gyration of the cross-section. The 
radius of gyration may be defined as the equivalent distance 
from the axis at which the whole area of the section might be 
concentrated in order to give the same moment of inertia about 
that axis as it gives in its distributed form. 

Radius of gyration “ ^ wher** -4 = of spption. 

The quantity section modtdus is sometimes used in computing 
stresses in beams. The section modulus is equal to the moment 
of inertia of the section about its neutral axis (J) divided by the 
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distance from the neutral axis to the extreme edge of the section 
(farthest edge, if edge is unsymmetrical). 

Section modulus = — (Fig. 346). 


Bodies under Tension.—The usual case of a body acted on 
by a force which puts it m tension is when the tension is axial 

and may be considered 
—2^ as uniformly distributed 
over the area—the ten¬ 
sion in an overhead con¬ 
ductor for example or 
in a guy wire. The unit 


Fio. 349 —Body in. tension 


stress is simply figured in this case. Fig 349. 

I ^ 

where 


(107) 


/ ss unit stress in pounds per square inch. 

T = total apphed force in pounds. 

A = cross-sectional area in square inches. 

Bodies under Compression—Columns.—Where compressive 
force is applied to a body of uniform cross-section in such a way 


m. 


Co) Shori Column 


X 

I 

I 

I 


foflexufv\ 


JL- 


-m- 


/*s:. 


A 

b 

m 



(b) Long (k>Iumn 

(c) Eccentric Loading 
Fig. 360.—Compressive stress in a body. 


that it is S3rmmetrical to the axis of the body, the compressive 
stress may be considered as imifonnly distributed over the cross- 
section and, if the body is fairly thick in comparison to its length 
(such as a short column), the unit stress is (Fig. 360 (a)), 


/ = 


P 

A' 


( 108 ) 
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where 

P = total applied force in pounds. 

Where the body is long between points of lateral support, it is 
subject to flexural stresses which tend to Tnfl.Vft it buckle (Fig. 
350 (6)). Hence, the unit stress cannot be figured by the above 
formula; it would be too small. Several formulse are used which 
take account of this factor of slenderness. The simplest is 
probably the “straight-line formula” which is of the form 

J = « - (109) 

where 

S = the unit stress at the ultimate in compression. 

C = a constant determined by experiment, and depends on 
the material, and the conditions of the en^ of the 
columns. 

I = the unsupported length. 

r = the minimum radius of gyration of the cross-section. 

Ultimate strength constants are given in the “American (Divil 
Engineers’ Handbook” as follows: 

TabIjM XLIX. —TJi/timatb SritiiNaTH Constants roa ths Stkajoht-unb 

CoLxraiN FoBimijA 

A r 


Material and end condition 

s 

C 

\ 

limit of 
l/T 

Structural steel' 





Hound ends.... . . 


35,000 


; 160 

!Fixed ends . 


36,000 


320 

One end round, one fixed . 


35,000 


240 

Oast iron: 





Hound ends. 


34,0001 

175 

90 

Fixed ends. 


34,0001 

88 

160 

One end round, one fixed 


34,0001 

116 

115 

Wood: 





Hound ends. 


5,0001 

76 

75 

Fixed ends. 

. ■ 

6,0001 

37 

150 

One end round, one fixed . . 


6,0001 

50 

112 


^ This IS less than the ultimate in compression for small spedmeos of oast iron or wood» 
but from tests of full-size columns seems to be the value to be used for full-size castixKgs or 
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A wiTm1fl.r formula for computmg the strength of poles as col¬ 
umns is given in the National Electric Light Association's “ Over¬ 
head Systems Reference Book ” as 

Ultimate strength = — 0 ^^' (110) 

where 

f = the ultimate strength of the material in tension in pounds 
per square mch. 

L = the total length of the column in inches. 

D = the least dimension (diameter) of the pole in inches. 


The ratio l/r in the formula given above is a measure of the slen¬ 
derness of the column and is called the slenderness ratio.*’ 
Where the load on the column is not applied along its axis but 
at some distance from the axis it is called an “eccentric load” 
and the stress in the column will not be uniform across its cross- 
section. The straight-line formula given above may be modified 
as follows to give the thaximum unit stress m the column, t.e., 
the stress in the side nearest the load. 

If = the maximum unit stress, 

c = distance from axis of column to side of greatest stress, 
Z — distance of load from axis of column. 


i 




350(c). 


(Ill) 




X' 



An example of eccentric load¬ 
ing is the weight of a trans¬ 
former hung on the side of a 
wood pole. 

Bodies under Shear.—A 
simple example of shearing 
stress is the case of two steel 
plates, held together by bolts 
or rivets, and being pulled in 
opposite directions (Fig. 
351 (a)). The total force P 
acting on one plate must be 
transferred to the other plate 
through the rivet (neglecting friction between plates). At the 
plane where the plates meet, the rivet is acted on by a force P 
in one direction tending to slide the part of the rivet on one side 
of that plane past the part on the other side of that plane which 


lb) Wood Crossarm 
on Pole 


(a)S+*elPlaks 

Fia. 351.—Siinple shear. 
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is acted upon by a force P in the opposite direction. The shear¬ 
ing stress in the rivet along that plane is, therefore, 

where 

A == the cross-sectional area. 

Another example is the shearing stress in the steel bolt with 
which a wood cross-arm is attached to a wood pole. Here, 
however, the situation is somewhat complicated by the fact 
that the wood is relatively soft compared with the steel and some 
deformation of the arrangement is hkely to occur, due to the 
wood crushing slightly, long before the shearing stress in the bolt 
is anywhere near its ultimate strength. Such deformation will 
produce tensile stresses in the bolt (other than those accompany¬ 
ing the shearing stress). 

Bearing.—Another form of stress is illustrated by Fig. 362. 
Where load is transferred from one body to another, the transfer 
takes place along the plane on which they meet. The tendency 



(a) FI at Bearing Surface (b) Curved Bearing Surfece 
Fig. 362.—Bearing. 

is for the material to give way or crush under the load, producing 
a hearing ^reaa in the material. Where the stress is uniformly 
distributed over the area the unit stress is 

/ - (113) 

where 

A = the area of contact (projected area in case of curved 
surfaces such as bolts). 

The stress / should not exceed the allowable bearing strength 
of the material. 
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An example of bearing stress is the bearing of the plates on the 
rivet in Fig. 351 (a) and of the bolt on the cross-arms and the 
pole. Fig. 351 (&). In the case of the pole, the bearing cannot 
be considered as uniformly distributed along the length of the 
bolt but is probably more as indicated by the arrows in Fig. 
351 (6). The maximum bearing stress would therefore be 

p 

somewhere in the neighborhood of 4 
where 

Z = length of bolt in the pole. 
d => diameter of bolt. 


Bending Stress—^Beams.—When a body is held or supported 

at one or more points and forces are applied at other points 

in such a way as to tend to cause flexure or bending in the body, 

tension, compression, and shear are all set up in the body. 

The tensile and compressive stresses at any section are functions 

of the moment of forces on 

either side of the section about 

^ that section. The shearing 

, ^ * stress is a function of the sum of 

(a) Simple Beam -7 Supports 

on either side of the 



p section. 

■ The moment of a force about 

^ ^ any point is the product of the 

/LX amount of that force and the 

Via. 363.—Simple beame. shortest distance (perpendicular) 

from its line of direction to that 
point. In a beam the moment of any force acting upon it about 
any cross-section of the beam is equal to the product of the force 
and its distance from the section. 

There are two axiomatic rules in connection with the forces on 
a beam: 

(a) The algebraic sum of oZZ the forces acting on a beam must 
be equal to zero. 

(6) The algebraic sum of aZZ of the moments of forces about 
any point or section of the beam must be equal to zero. 

Assume the simple beam with two supports and one concen¬ 
trated load shown in Fig. 353 (a). 

Under rule (a), the sum of the reactions at the supports, 
+ -Ba, must be equal to P. 
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Under rule (&), the sum of the moments of all the forces about 
either support, such as 122 , must equal zero. 

■RiZ Pli "t" R^O = 0 

- \p- 

222 = P - = P^l - ^ 

The amount of the reactions at the sv/pports are thus 
determined. 

In the case of the simple cantilever beam, Fig 353 (6), the 
moment of the load P about the fixed end, i.c., PI, is coimteracted 
by a moment within the support. 

The bending moment at any section for which the stress is to be 
computed is- found by taking the moments of all the forces 
on either side of the section. The moments for the forces on one 
side will be the same as for those on the other side, since the body 
is in equilibrium. For example, in Fig 363 (o), take the section 
at X, at a distance Z 2 from the left-hand support. 

The moment about x, 

Ma, = R-ih, on the left hand side, (116) 

also 

= -PsCZ -h) + P(l -h- h) 

on the right hand side. (117) 

It may be seen by comparing these with the values of Ri and 222 , 
given above, that the two values of Mx are equal (but of opposite 
sign since the same direction of rotation was assumed as positive 
in both eases). 

The shear ai any section is found by taking the algebraic sum 
of all the forces on either side of the section. From Fig. 353 
(a), the shear at the section x 

Shear, = 22i on the left-hand side 

— 222 — P on the right-hand side 

which values are also equal and of opposite sign. 

In Fig. 354 are shown diagrams representing the ^eara and 
bending moments along several simple t 3 rpes of beams. Figure 
354 (a) is for a beam with concentrated loads and two supports, 
Fig. 364 (6) for a similar beam with uniformly distributed load 


(114) 

(115) 
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of w lb. per foot, Fig. 364 (c) for a cantilever beam with con¬ 
centrated load at the end, and Fig. 364 (d) for a cantilever 
beam with uniformly distributed load. 





^ S/>ear 
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(a) Beam with concentrated loads 
-2 supports 




4 


3/?ear 


Momenfs 



(c) Cantilever Beam with 
concentrated load 
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Shear 





(blBeatnwiih uniformly disinbufed 
load-2 supports 


(d) CantileverBeam with 
uniTormly distributed load 


Fio, 354.—Shear and bending moment diagrams. 


The maximum bending moment in any case will be at the point 
where the shear is zero; that is, where the shear changes from 
positive to negative or vice versa. In a cantilever beam that 
point will be at the support. 

The bending moment at any section, for equilibrium, must be 
balanced by a moment of stresses or resisting moments in the 









FUNDAMENTAL THEORY 


593 


interior of the matenal. The beam is deflected somewhat and 
on one side the material is in compression and on the other side 
m tension. On the side in compression the material is shortened 
proportionally, on the side in tension it is lengthened The 
stress is distributed across the section as shown in Fig. 355. At 
the extreme edges of the section (top and bottom) the unit stress 
IS e'vidently a maximum, decreasing from there to zero at an 
intermediate neviral point. Considering the cross-section as an 
area, the neutral point becomes a line, or a neutral axis. Fig. 
355 (5). For a symmetrical cross-section, such as a rectan^e or a 
circle, the neutral axis lies midway between the extreme edges 



(a) Typical Distribution (b) Representation of 

Total Distribution. 

!Fio. 355.—Diatributaon. of stress across section, of beam. 

and mg-TrirmiTTi unit tensile stress is equal to ma x i m um unit 
compressive stress. For unsymmetrical sections, such as a T, the 
neutral niris hes nearer the one side than it does the other. 
In such a case, the maximum stress occurs on the side farthest 
from the neutral axis. The neutral axis in any case passes 
through the center of gravity of the cross-section. 

Since the stress on any infinitesimal area of the section is 
proportional to its distance from the neutral axis, from Fig. 355(5), 
if 

y = the distance from neutral axis to extreme edge of section, 
/ = unit stress at the extreme edge, 

2 = the distance of any infinitesimal area from the neutral axis, 

stress on infinitesimal area — S = 

Total resisting moment = 

S zMa = moment of inertia of the section = I. 

.*. resisting moment = M' — “ 
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The resistiiig moment is equal to the bending moment, hence 
bendmg moment = M = (118) 

where 

f — maximum unit stress on extreme fiber of section. 
y == distance of extreme fiber from neutral axis. 

I — moment of inertia of the cross-section about the neutral 

£LX1S* 

— = section modulus of the section. 

y 

The shear on any cross-section of the beam is resisted by the 
internal shearing stress in the beam. The average shearing 
stress will be 

shear 

/. *-4-- 

The shearing stress is not uniformly distributed, however, the 
maximum shearing stress being 

f,=zK. — at the neutral axis, (119) 

where £ is a constant depending on the shape of the section. 

K = 1.50 for a rectangle 
= 1 33 for a triangle 
= 1.33 for a circle 

= 2.5 approximately for steel I beams, etc. 

The horizontal shearing stress at any point is equal to the 
vertical shearing stress. Wooden beams which are somewhat 
weak in horizontal shear, often fail by shear along their central 
or neutral plane. 

The deflection of a beam at any point is obtained by integration 
of the expression, 

M = 

assuming the origin of coordinates at a point where the slope 
of the elastic curve is zero, y being the deflection at a point x dis¬ 
tance from 'the origin. Maximum deflections for various beams 
are given in Table L. 

Continuous beams or beams with more than two supports can¬ 
not be figured as simply as a beam with two supports since the 
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bending moment at mtermediate supports is not zero. The 
general equations for solving such beams are as follows, see Fig. 
356(a); Let 

M"f M'" be the moments at three consecutive supports 
w' the uniform loading per foot in the first span whose length 
is I'. 

w" the uniform loading per foot in the second span whose length 
is I". 

Then 


M'V + 2M"(,V + I") + M'"l" = - Hw'T'K (120) 
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(b) Concentrated Loading 

356.!—CondntioTiB beams. 


Enough of these equations are written for groups of three con¬ 
secutive supports to allow the solution to be made by simulta¬ 
neous equations. For a three-support beam, the moments at 
end supports being zero {M' and M"' = 0), the equation becomes, 

2M"Qf 4- Z") = (121) 

If V — I" and w* — w" the general equation becomes, 

M' + 4M" + M'" = (122) 

and for three-support beams, 

4ilf" =» — 

M" - HwlK (123) 

From the values of the moments, the reactions of the supports 
may be computed. 
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For concerdrateA loads, the general formula is, see Fig 


ikf'Z' + 2M''{V + Z'O + Af"'Z" = 


P'a(Z'® - o®) 

V 

P"&(Z''® - 62 ) 
I" 


356(6), 


(124) 


Which reduces, if P' and P" are equal and midway between 
supports and I' — I", to 

M' + 4Af" + M'" = -MPZ. (125) 

For beams with uniform loading, w per foot and spans of equal 
length (Z), the reactions are as follows: 

Three-support beam.. .. 0.376toZ 1.25'u;Z 0.376i«Z 
Foui>-support beam . .. 0.4ioZ l.lwZ l.lwZ 0 4«;Z 

For beams with concentrated loads P placed midway between 
supports, with spans of equal length Z the reactions are as follows: 


Three-support beam. 0 3126P 1.375P 0.3125P 

Four-support beam. 0.35P 1.66P 1.66P 0.35P. 


Table L gives some of the quantities discussed above, for 
several of the more common types of beams. 

Torsion.—^Torsional or twisting forces applied to a body are 
resisted by shearing stresses in the body. The total resisting 
moment at any plane is equal to the sum of the products of 
unit stress on each infinitesimal area times the distance of that 
area from the axis of the body. If the maximum unit stress /» 
occurs at a distance y from the axis (the extreme edge of the 
section), the unit stress on any given area da will be 


Hence, 

and 





The total resisting moment = '5^^.f.da 
"Lz^da — the polar moment of inertia = J. 


resisting moment to torsion 


y " 


iL. 
y ' 


torsional moment =* Pe 


(126) 





Table L —Chahactbristics op Simple Beams 
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where 


P = force applied. 

e = distance from point of application to axis of body. 

Impact Loading.—Moving loads striking a body produce 
greater stresses than the same loads apphed statically. In the 
case of a beam, the beam is deflected m resisting the impact. It 
is often difl&cult to estimate just what impact loads will be 
encountered in practice and their effect may be allowed for some¬ 
what in the safety factor used. For a falHngload P on a beam the 
resulting maximum stress is given by the formula 

+ + (127) 

where 


h = the height from which it falls, 

d = the deflection which would be produced by the same load 
statically applied, 

f = the maximum stress due to the same load statically 
applied. 


For a horizontally moving force, 

.-/(f) 




(128) 


Combined Stresses.—Bodies are sometimes subject to two 
kinds of forces simultaneously, one producing flexure and the 
other either compression or tension. An example is a wood 
pole which supports the weight of wires, transformers, etc., act¬ 
ing as a column in compression, and also supports horizontal wdnd 
loading acting as a cantilever beam. For practical purposes 
the maximum stress on the compression side of the column may 
be obtained by adding the stress computed as a beam 

My 
I 


fi - 

to that computed as a coluxqn 

/■ = f- 

/ = /i + /*• 

On the tension side. 

Temperature Effect.—Bodies expand as their temperature 
increases. The measure of this expansion is known as the " coeffL- 
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cient of linear expansion” and is the i>ercentage by which a body 
is increased in length for each degree nse in temperature. If 

la — initial length at temperature ta, 

Zi = length after a nse m temperature to degrees, 
a = coefl&cient of linear expansion, 

lx = Zo[l -h a(<i - Zo)]. (129) 

Resolution and Composition of Forces.—When two or more 
forces act on a body at the same point, a single eqmvalent force 
may be determined by addition of the forces. If they have the 



(a) Sum of Pi and (b) Forces acting on 

a loaded wine 

Fxo. 357 —Composition of forces 

same line of action, the addiidon may be direct; if different, vec¬ 
tor composition may be used. Let two forces Pi and P 2 be repre¬ 
sented in magnitude, direction, and sense by vectors as shown in 
Fig. 357(a). They may be added to give the equivalent force Pa. 



(at) Resol ution of P into (b) Resolufi on of P1 nto 

P, and P2 at right angles and Pj not at right 

to each other angles to each other 

Pi<j. 368.'—Resolution of forces. 

An of the above is the combination of forces acting on 

a loaded wire, the vertical force being the w^ght of wire and its 
ice loading and the horizontal force being the wind prcMure. 
The resultant force is obtained as shown in Fig. 357(6). 

As the converse of the above, a force may be resolved into two 
components acting in different directions. In Fig. 358 let P 
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be a given force. It may be resolved into two components at 
riglit angles to each other, of magnitude, direction, and sense, 
JPi and i^2. An example of such a resolution is when the tension 
in a guy wire attached to a pole at a dead end is resolved into 
two components, jPi horizontal, opposing the tension in the line 
wires, and vertical which acts on the pole, putting it in 
compression. 

More than two forces may be treated in a similar manner. 



HI 

ECZiQlSrQlMICAT^ I>3ESIG^lSr 




CHAPTER XXXI 


ECONOMICAI^ HESIOW 

“Economical design’^ as applied to a distribution system deals 
primarily with a study of costs. The fundamental principle 
of economical design is thB determ/inoMoTL of a systerth or 'part of a 
system whereby energy may he transrmtted to the customer at the 
least possible cost consistent with good service^ In the above 
definition the two chief phrases should be emphasi2sed separately, 
These are ^Teast possible cost^^ and “consistent with good serv¬ 
ice/' The latter phrase is just as important a part of the 
statement of principle as the first part—perhaps more so—and 
Implies the consideration of a number of more or less intangible 
factors as will be pointed out. 

The application of economical design to the distribution system 
opens a large and important field for study. It was pointed out 
in Chap- I what a comparatively large proportion of the total 
system investment was found in the distribution system. The 
economy of generation has had intensive study and has been 
brought to a point where it is hard to see how^ with the present 
methods of generation, many further major economies can be 
realized. The distribution system, however, is a field which 
has had, in general, comparatively little attention from this 
viewpoint. It is here that considerable savings may be effected 
with properly directed study. 

Economic design in this connection, should be viewed in its 
broader sense and not as a mere striving to save a few dollars of 
investment here and there. It is true that one of its chief objects 
is the investigation and presentation of the costs involved when 
alternative means are possible by which a desired result may be 
accomplished. However, it does not follow that its pxirpose ends 
there, in recommending for adoption the alternative which is cheap¬ 
est in dollars and cents. There are many other factors which affect 
a great many of the problems encountered. Some of these are 

j The state of finances of the company. 

I The general financial situation—the ease of obtaining money at that 
particular time. 
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Company policy in its relations with, the public—whether or not it 
believes in spending money freely to improve service and to mamtam the 
appearance of its property. 

Sighthness of the structures involved in the problem. 

Ijocal regulations (governmental, etc.). 

Cconoxcucal design of the system as a whole, as affected by the particular 
part under consideration. 

Possible future developments in the art and also in loads carried. 

Rehabihty of the design—possible troubles which may appear. 

Quality of service which is demanded or desirable to render. 

All these factors and other similar considerations must be 
included in the qualifying clause in the statement of principle 
in the first paragraph above —consisteTit with good service. The 
best economic design may point to the alternative which is 
cheapest in first cost, or it may indicate the one which has the 
least annual cost, or it may, on account of some of the other 
factors involved, select some other alternative whose cost is by 
no means the lowest. Economical design, therefore, should 
not be considered as merely the determination of the cheapest 
condition, but rather as the obtainmg of the best economic 
solution, taking into account all factors involved including, as 
well as tangible costs, the more intangible elements indicated 
above. In such a study, the application of good judgment is a 
prime essentiaL Especially is this true in dealing with the 
intangible elements mentioned. Good judgment is quite largely 
a matter of experience. It can be applied more intelligently 
however, as the number of unknown factors in a problem are 
reduced. If the relative costs of several alternative designs 
are known, the particular advantages of any one over another 
in other regards ‘can be weired against the difference in cost. 

Good service, referring specifically to the quality of electrical 
service rendered the customer, is a matter which reqinres some 
defiboition for any specific case. It will vary considerably under 
different conditions. Ideal service, of course, would be such that 
there would be no interruptions and that the voltage regulation 
would be within narrow limits under all circumstances, with 
the supply adequate for any demand. This subject was discussed 
somewhat in Chap. Ill and elsewhere and the points brought 
out need not be repeated here. It is sufficient to point out that 
service requirements are not so strict for certain classes of load 
as they are for others, and the practicability of rendering service 
of a high degree of continuity and regulation depends somewhat 
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on the location, density of load, etc. In general, the better the 
service, usually, the greater the cost. It is probable that quality 
of service to aU classes of load is improving on most systems as 
better engineering is applied to the distribution system, and 
customers are learning to expect better service. These factors 
must be taken into account in any study of distribution design. 
Other considerations which must not ^ lost sight of are the 
beneficial effects of good quality of service on public relations 
and the fact that sometimes the customers would prefer adequate 
service, even at an increase in price, to inferior service at a low 
rate. In any case, the quality of service should be decided upon 
and then the design made as economical as possible and still 
render that service- The chief business of the power company 
is furnishing “good service” and economical design should 
naturally be secondary to that. 

The relation of “economical design” to “electrical design” and 
“mechanical design” has been previously pointed out to some 
extent in Chaps. II and XV. Electrical design calls for a knowl¬ 
edge of electrical phenomena and the application of this knowledge 
to the achievement of results which will be satisfactory from 
an operating standpoint. In other words, the solution for any 
problem must be one that will meet its requirements. There may 
be more than one solution which meets this condition, however. 
Mechanical design calls for a study of materials used and their 
combination into the desired structures in such a way that proper 
factors of safety are obtained. Economical design requires a 
knowledge of costs and their application to the determination of 
the most economical design possible within the limitations 
imposed by the other t 3 rpes of design and the considerations men¬ 
tioned in previous paragraphs. It is evident that there must be 
overlapping between these three fields. Both electrical and 
mechanical design should be planned with a view toward 
economy. "Where there is a choice of more than one alternative 
which is satisfactory from the electrical and mechanical stand¬ 
points, the decision should be based on a study of the relative 
economy of all alternatives considered. 

All engineerix^ should make for eflBLcienqy. There cannot be 
real efficiency, however, unless economy is also considered. 
Efficiency in its limited sense refers to the reduction in losses—-an 
efficient machine is one whose output is as nearly as possible 
equal to the input. Reduction in losses may usually be attained 
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by an increase in investment and it must not be lost sight of 
that the increase in investment may well be greater than the 
gain accomplished in reducing losses. ^Efficiency in the broader 
sense takes into consideration the cost of reducing losses and the 
most truly effidLent design wiU be one in which the losses are only 
as low as is consistent with economy. 

It is rather difficult to show tangible results of economical 
design on the distribution system. The system is so widespread, 
the loads carried are often so diversified and so variable, both as 
to demand and to consumption from day to day and from year 
to year, and are metered at so many different points, that any 
very definite exhibit of actual results accomplished is weU- 
nigh impossible. They should be evident, it is true, in the 
analysis of yearly investment costs and operating costs for 
the system, but even here there are so many other contributing 
factors that it is difficult to state confidently that any particular 
effects are the results of economies on the distribution system. 
For it may be found that real economy hes in increasing the 
investment to decrease the losses or, conversely, an mcrease in 
losses may effect a greater economy in investment. It can often 
only be asked that the economies which can be exhibited be 
accepted as representative of others fully as large which can only 
be computed; that the percentage of economy which can be 
figured for the small individual job be considered to apply simi¬ 
larly to the large general class of similar jobs. A few examples 
are given below which indicate the results which may be obtained 
by economical deingn. They are taken from studies made xmder 
certain actual (and not unusual) conditions of load, voltage, etc., 
and were based on costs determined as accurately as posable 
at the time the studies were made. While they are not to be 
considered of general application, they are at least indicative 
of the magnitude of what may be discovered by a study of other 
similar conditions. Methods of making such studies will be 
taken up in later chapters. 

1. Primary lines.—^Figure 369 shows a comparison of the 
total annual costs pjer 1,000 ft. of line for various sizes of wire 
under various loads on a 4,600 volt, three-phase power line. The 
most economical size for any load is apparent. What it is willed 
to bring out specially is the actual amount in dollars which may 
be saved by the use of-one size of wire rather than another. 
Take for example a load of 1,000 kw. It might be carried satis- 
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factorily on No. 2 wire under certain conditions. Number 0000 
wire, however, would give an annual cost about $185 less for 
1,000 ft. or $555 per year if the line were 3,000 ft. long. A 
comparison may be made between No. Oand No.0000 at 
1,500 kw. 


o 

I 300 



Load in KilowaHs 

Fig, 359.—^Annual cost, 4,600-voU, three-phase power line. 

Figure 360 shows the total annual cost of enei^sy losses on two 
lines, with various divisions of the total load between 
the two, the total load being 4,000 kw., at a fairly high load factor 
(about 40 per cent). The natural division of load, if the lines 
were tied together in parallel would be about 44 per cent to the 
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No. 0 and 66 per cent to the No. 0000 or a ratio of 0.785. It may 
be seen that this is not far in cost from the most economical 
ratio of 0.5 (t.e., one-third the load on No. 0, two-thirds on No. 
0000), although there is a difference of $250 per year. If one 
line only is used, however, an d the other held merely as a throw- 
over, it will be seen that the cost is about $3,000 a year more than 
for the most economical division. If the load is equally divided 
(ratio — 1) the excess cost is about $500 per year. It must be 
recognized, of course, that the most desirable division of such a 
load is not always practicably possible. However, if the economics 
are understood the best division possible under the circumstances 
can be chosen. 



Pio. 360—^Annual cost of energy losses for different divisions of load between 

two parallel lines. 

2. Secondaries.—Figure 361 shows a comparison between 
the total annual cost per 1,000 ft., including both wire and trans¬ 
formers, for several combinations of wire size and transformer 
size on single-phase secondary installations imder certain 
conditions, the voltage drop being limited to 3 per cent. For 
simplicity, only a few of the possible combinations are shown. 
The others are, for the most part, intermediate in cost to these. 
It is apparent what the most economical installation for any 
density of loading is and how much cheaper it is than any other. 
For example, at 15 kw. i>er 1,000 ft. the azuiual cost with No. 
6 wire and 15-kv-a. transformers is about $6 per 1,000 ft. less 
than with No. 4 wire and 10-kv-a. transformers, or No. 2 and 16- 
kv-a. transformers. It is $22.50 less than with No. 2 wire and 
5-kv-a. transformers. The latter might be an unusual condition, 
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bul) is not a*t all impossible^ if little consideration is given to th.e 
layout of the distribution. These figures are small in themselves 
but apply to only 15 kw. of load. If the condition is repeated 
up to a load of 10,000 kw. the possible savings are well worth 



Fig. 361.'—^Annual cost, Bingle-*phase secondary installation. Maximum voltage 
drop 3%, uniformly distributed load. 

while, i.e., from $4,000 to $15,000 per year. The probable future 
growth of load must be taken into account in this case, of course, 
and such a size of wire used which will be economical over a long 
period rather than merely for the present load. 

3. Transformers.—^Figure 362 shows the total annual charges 
for various loads on different sized single-phase transformer 
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installations, under ordinary residence-lighting load and certain 
other*assumed conditions. It is given here to show the monetary 
value of keeping transformers loaded well up to capacity. Take 
the 25 kv-a., for example—at full-rated load of 25 kv-a. the 
aimual cost is about $73 or $2.92 per kv-a. At 15-kv-a. load, 
the annual cost is about $70 or $4.67 per kv-a. That is, at 60 per 
cent load the transformer cost is $1.76 more per kv-a. per year 
than at full load. Similarly, with the 16-kv-a. transformer. At 



15-kv-a. load the cost is $3.63 per kv-a, per year. At 60 per cent 
load (9 kv-a.) the cost is $5.85 per kv-a. per year or an increase 
of $2.22 per kv-a. If this condition is generally true on a ayatem 
it may be seen that the excessive cost may be considerable—in 
the neighborhood of $20,000 per year for a 10,000-kv-a. load for 
example. It is a generally recognized fact that, with loads of 
the residence-lifting characteristics, it is safe to load trans¬ 
formers at peak load considerably beyond their rating. Hence it 
is not at all impossible to keep the transformer loading, on the 
average, in the vicinity of 100 per cent at least, especially in 
urban territory. In this connection it is interesting to note 
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that at 30 per cent overload, for example, a 15-kv-a. transformer 
costs only $2 85 per kv-a. per year or about $0.80 per kv-a. less 
than at rated load. Also, the greater economy per kv-a. at full 
load of larger sized transformers over smaller ones is evident, the 
25 kv-a. being about $0.70 cheaper per kv-a. than the 15 kv-a. 
The choice of transformer size, however, is a problem in which 
the cost of the secondaries must also be considered, as in [Example • 
2. The only way in which the best transformer economy may be 
reached is by regular testing and by careful and contmued study 
of loads, increase in loads, transformer spacing, etc. In one 
actual case (on power loads) by a thorough survey of loads, 
diversity factors, etc., 35 p>er cent of the transformer capacity 
was removed from the Unes. 

The above are only a few of the examples which might be cited 
of the economies wMch may be effected by careful engineering 
on the distribution system. They show, however, that the mag¬ 
nitude of the results possible is worthy of consideration, when it 
is remembered that the small savings m the individual case is 
multiplied many times over the whole system. The same prin- 
Iciples may be applied with equal advantage to the choice of 
voltage, to power-factor improvement, to underground line 
problems, etc. 

The variety of problems which may be studied from the eco¬ 
nomic viewpoint is almost infimte and the study may be carried 
to any degree of refinement desired. As a rule, however, extreme 
refinement is unwarranted. The various factors dealt with axe, 
by nature, exceedingly variaWe and can best be treated from the 
standpoint of averages. It would be impracticable in most 
cases to attempt to consider individually the small everyday 
problems in design. It is possible, however, to study them as 
groups or classes and to establish rules and standards which may 
be quickly referred to in any particular case. It is probable that 
the most economical solution will not be reached in every case 
by tbiH method, but on the average, the results will be satisfac- 
tor^r. Major problems can, of course, be dealt with individually 
flTid in detail. An important feature of economic study is the 
training of the judgment of the engineer. If he has a proper 
conception of fundamental economic relations, his decisions are 
likely to be much nearer the most desirable solution than they 
would be otherwwe, even thougl^ detailed cost studies arq not 
made. 
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Coming more specifically to the methods of making studies of 
economical design, it is quite evident that a fundamental require¬ 
ment is an accurate knowledge of costs. These costs include 
the cost of structures in place, annual charges which should be 
computed on investment, cost of energy losses, etc These 
matters will be discussed in succeeding chapters and methods of 
using them in attacking problems on various divisions of the 
distribution system will also be indicated. Another requirement 
for this work, which should be especially noted, is a careful esti¬ 
mate of load carried and load growth. Economy cannot be 
realized by consideration of present condition only. The situa¬ 
tion for some years in the future must be foreseen and allowance 
made for probable changes in load. A discussion of loads which 
will be useful in this regard was given in Chap. 

1 Tbe material given here in a bools: on general distribution engineermg 
must of necessity be somewhat hmited. A more complete discussion of 
the subject may be found in Rbynbatt and SBBnYB, Soonomics of Electrical 
Distribution.'* 
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INVESTMENT COSTS 

Since economical design is largely a study of costs, it follows 
that the results achieved will be of value only in proportion to the 
accuracy of the cost data employed. If basic costs of material, 
labor, and energy losses are not correctly assumed, the conclusions 
drawn from their use will be of httle worth and may even lead to 
excessive expenditures. It is usually inadvisable to accept for 
this purpose any cost data which has been derived for localities 
or systems other than the one under consideration. Such data 
may sometimes be convenient for purposes of rough estimates 
when local figures are not available but they cannot be dei)ended 
upon as the basis of a final solution. Each company has its 
own standards of construction, methods of handling labor, stand¬ 
ards of wages, efficiencies of operations, etc., and xinit costs may 
differ considerably between different organizations. It is neces¬ 
sary to have as complete and accurate a schedule of local costs as 
possible as a basis for economic study. 

As a rule, in order to get a proper conception of true cost, 
an/n/ual costs must be considered rather than the original amount 
of investment necessary. It is perfectly obvious that, if an article 
will give twice as long service and costs only 25 per cent more than 
another similar article, the first article is the cheaper even though 
it requires a larger initial expenditure. Other factors might 
have a bearing on the situation which would make it more advis¬ 
able to use the second article or the one with the smaller first 
cost, but from the standpoint of cost alone, the first article is 
preferable—^it has -the lesser aririual cost. In some problems 
where the units being compared are similar, such as two wood 
poles of different sizes, and the percentage of annual charges 
would be the same, comparison would usually be based on first 
cost, but the underlying principle of annual costs is still present, 
even though not considered directly. Wherever conductors 
carrying electrical current enter the problem, the use of annual 
costs is clearly indicated, since the cost of energy losses is a major 
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factor in the problem, and this is, by nature, an annual cost. 
The various items which enter annual cost will be taken up in 
some detail below. 

Three kinds of fl.Tnnifl.l costs may be found in any problem: (o) 
Investment costs or annual costs which are proportional to the 
first cost or initial investment; (6) Costs which are constant 
regardless of the first cost, such as some items of maintenance 
and op>erating costs; (c) Cost of energy losses. These often bear 
an inverse ratio to the investment cost. 

This chapter will be devoted to investment costs, the cost of 
energy and energy losses being taken up in Chap. 3 Z XX III. The 
second class mentioned above—costs which are constant—^are 
of somewhat the same nature as those included as investment 
costs. In fact, in many problems certain parts of the investment 
costs axe the same for the several alternative designs considered. 
(The same poles and cross-arms may serve to support quite a 
range of conductor sizes, for example.) In comparing annual 
costs of two alternatives, these items cancel each other and drop 
out of the problem. They must be included however to obtain a 
complete estimate of cost for any given design. 

First Costs.—^Before annual costs can be considered, the fiirst 
cost or initial investment must be determined. This may be a 
vexy easy matter in some cases, but there axe several factors 
which axe likely to complicate the problem. 

The determination of cost figures for general use is greatly 
facilitated if line construction and methods are standardized 
(see Chap. XXYIII). Where standards are established, the 
cost of standard units, such as the cost per pole or the cost per 
mile of a given type of construction, or the cost per transformer 
installation, can be set up with a fair degree of aocuraey. Other¬ 
wise, averages must be assumed which may be quite fax from 
actual conditions in some oases. 

Materials.— A. complete price list of all materials used is, of 
course, an essential. This should be kept up to date as prices 
change, so that at any time the prices used in a problem will 
represent as nearly as possible the actual cost at that time. When 
using the price of a material which is subject to any consider¬ 
able fluctuation, some aUowance should be made, however, for 
the fact that the cost of material on hand in the warehouse may 
not be represented by the latest quotation, ateo that future 
material of the same kind may cost more or less than the 
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present price. Such future changes may be hard to foretell 
of course. 

In addition to the base cost of the material as represented by 
vendor’s quotations, the cost should include a number of other 
items. Such things as freight charges from the F. O.B. point to the 
user’s yards, material used in treating poles, tie wires used in 
tyi ng conductors to their insulators, etc. may be added directly 
to the quotation for each particular material. Certain other 
costs are less easily assigned to the individual materials and must 
usually be determined as a general charge to all materials of a 
given class and then distributed to the individual material costs 
by adding to them a percentage to cover their share of the expense. 
Such costs as these are known as “overhead expense” or “load¬ 
ing. ” They include such items as: 

Waste, end trimmings of wire, cable cut back for splicing, timber cuttings, 
defective units which cannot be used, and the like. 

Loss and hreako/ge, materials lost through carelessness or theft, broken 
insulators, etc. 

Tool expense, tools used up, broken, or stolen, and repairs and other 
annual charges on investment m tools. 

Stores expense, expenses of stores department in h andlin g and warehousing 
the materials. 

Purchaxmg expense, expenses of purohasmg department in purchasing 
the materials. 

The percentage to be used for any given item or class of mate¬ 
rial will depend lai^ely on local conditions and no figures could 
be given here which would be of any value. The total percentage 
for all the items of loading will usually vary from 10 to 36 per 
cent, depending on the class of property and on local conditions. 
There is often a question of just how much of a certain expense it 
is legitimate to consider as proportional to the cost of material. 
A purchasing department’s expense will certainly not fluctuate 
directly with changes in the prices of materials or even with 
considerable change in quantities. Stores expense also will not 
be all directly proportional to material cost. A considerable 
part of such expenses as these might be eonsddered as conaing 
under the heading of constant costs, and need be included 
only when a picture of total cost is desired. A consider¬ 
able amount of good judgment is required in determining the 
proper amounts to be assigned to loading and the propm: distii- 
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button of the amounts among the various materials. In some 
problems which involve only comparatively small amounts of 
construction, the loading may be safely considered to be equal 
in any case and comparisons may be made on the basis of actual 
material and labor costs only. Where good cost records are 
available, however, it is just as well to include loading in all 
problems. - 

Labor.—Unit labor costs are somewhat difl&cult to determine 
with any great degree of accuracy, at least costs subdivided m 
the degree of detail necessary for economic studies. For this 
purpose, it is sometimes desirable to know, for example, not only 
how much it costs, on an average, to set a pole but also the dif¬ 
ference in the cost of setting different sizes of poles. The usual 
methods of cost accounting for property-valuation purposes is 
not likely to give such detailed information. Special methods 
of studying and obtaining labor costs on various units are 
usually necessary. Time studies of workmen in the field are 
probably the best means of getting the data on the smaller units 
of material. In making such studies it must be remembered, of 
course, that average costs are desired and allowance must be 
made for the difference in efficiency of different workmen and 
the effect of different surrounding conditions on the speed with 
which work can be done. 

Provision may be made for keeping labor costs up to date with 
any changes which may be made in wage schedules, by the use 
of formulse based on man-hours. Otherwise, it is hard to esti¬ 
mate just what the change in the cost has been if different classes 
of labor at different wages are represented in it. For example, if 
a wire stringing gang is composed as follows, 

1 foreman (F) 

1 driver (D) 

4 linemen (L) 

3 groundmen (<7r) 

I truck (T) 

the cost per day of that gang may be represented by 

G = (IF + 1I> + 4L + 3G*r + IT), 

where the symbols F, D, L, etc., represent the daily cost for the 
different types of labor indicated. If such a gang can erect, 
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miles of wire per day, on the average, the cost of erection per 
mile of wire can be represented by 

0 667(1F + D + 4Ij+ 3Gr + IT) = 0.667(?. 

With such a formula, the up-to-date cost can be determined at 
any time by filling in the formula with present labor pnces. 

As with material costs, so also with labor costs, there must be 
included certain additions for overhead expense or loading^ i 6., 
such items as; 


Vnoccu%ned time, rainy days, vacations, time going to and from the 
job, time wasted on the job, etc 

Transpcyrtation^ for workmen and for supervisors, engmeers and similar 
employees. 

Supefnnston, heads of departments, general foremen, office expense, 
clerks, stenographers, etc. 

Engvneenng, expense of engmeenng force and their office. 

Injuries and damages, doctor and hospital expense, hability insurance, 
and similar costs. 

Genercd office expense, expense of departments and officials not directly 
coimected with the work being studied. 

The qualifications made in discussing loading of material costs 
apply equally well here. Some of the above expenses, such as 
general office expense, are of the nature of constant exjienses and 
cannot be considered as at all proportional to the cost of doing 
line work. The proportions of the above costs which it is thought 
proper to include can be totaled and applied to labor costs as a 
percentage loading. (This will also vary from 10 to 35 per 
cent, usually.) 

Records.—A complete set of cost data for usp in making eco¬ 
nomic studies would, therefore, contain the following; 

a. Current prices of material and labor of aU kinds used in the work 

h. Labor formuke for various units of construction. 

c. Constant multipliers for material and labor costs to care for items 
(such as tie wires) which are not mcluded separately or m overhead expense 

d. Loading percentages for both material and labor costs. 

e Current material and labor costs on units of construction, such as a 
cross-arm, a pole, or an insulator. 

/. Current costs on assemblies. The assemblies may range from small 
units such as a cross-arm erected with its bolts and braces, to a transformer 
installatloii^or a mile of line. 
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A few examples from such a record are shown below by way of 
illustrations. The figures given must not be assumed to be of 
general application or representing average current prices since 
it was pointed out before that cost data can be useful only when 
derived for the local conditions under which it is to be applied. 


a. Prices (erf warehovee). 
Pole 


f 30 ft. Class C, rough, $ 7 
\ 40 ft. Class B, rough, 20 


Cross-arm, 96 m., 6-pin 
9 m. wooden pm 
Primary insulator . 

Primary fuse box 
Weatherproof wire, Nos. 6 to 2.,. 


60, shaved, $ 9 20 
30;shaved, 22 40 
. 0 82 each 
0 034 each 
0 16 each 
6 50 each 
, 0.176 per pound 


5. Labor Formulae. 

Wire stringing, single wire, gang » (IF + IjT + ID -f- 4L + 3GV) = G 



Miles per 
day 

Labor cost 
per mile 

Labor cost 
+ 15 per 
cent loading 

No. 6, T.B.W.P,.. 


2 8 

0 3575G 

0 4mG 

No. 0, bare.. . 

* 

1 8 

0 55660 

0 63890 


e. Unit Costs. 



Matenal 

Plus 

loadu^ 

Labor 

Plus 

loading 

Total 



18 per 


16 per 




cent 


cent 


3 No. 4 Secondary, 1,000 ft... 

$94.00 

$110 90 

$31 00 

$36 00 

$146 90 

Standard 96 in. light cross-arm. 
With hardware.. .... 

0 82 \ 
0.60 / 

1 56 

1 00 

1 16 

2.72 



30 per 


30 per 




cent 


cent 


Pole, 35 ft. Class C . 

13 85 

18.00 

6.00 


25 80 

40 ft. Class B . 

22.40 

29 10 

6.70 

8 71 

36.80 


















INVESTMENT COSTS 


619 


/. AsaembUes. 

16 Kv-a SnraiiB-PHASB Transfobmub InstaijI*ation 
(Material in excess of that normally used on pole) 


1 

Material 

1 

Price 

Plus 
loading, 
per cent 

Total 

1 96-in light cross-arm 

$ 0 82 

0 22 

1 00 

1 transformer block 

0 45 

0 22 

0 65 

4 flat cross-arm braces 

0.39 

0 22 

0 48 

4 angle brackets 

0 60 

0 22 

0 73 

1 straight bracket . 

0.11 

22 

0 13 

5 primary insulators 

0 80 

30 

1 04 

10 ^ X 4 in. galvanized machme bolts 

0 19 

22 

0 23 

6 X 5 in. galvanized machine bolts 

0 13 

22 

0 16 

2 5^-in. galvanized machme bolts 

0 16 

22 

0 18 

2 X 5 m. lags. 

0 06 

22 

0 06 

2 M X 4 m lags ... 

0 04 

22 

0 05 

16 H washers . 1 

0 10 

22 

0 12 

4 ^-in. washers . . / 




2 square plate washers 

0 03 

22 

0 04 

50 feet of ground mouldmg 

1 00 

24 

1 24 

17 pipe straps . ... 

0 15 

22 

0 18 

2 ground rods. 

1 60 

24 

1 86 

3 lightning arresters , , 

18.00 

22 

22 00 

2 secondary fuse holders 

2 30 

22 

2 81 

2 secondary fuses. 

0 15 

22 

0 18 

2 primary fuse holders .. 

6 60 

22 

7 92 

2 primary fuses. 

2.00 

22 

2 44 

7 lb. weatherproof copper wire 

1 23 

20 

1 48 

Total. 

$36 69 


$ 44 88 

Labor -h IT -f 31/ + ZGr) 




— $13.90 +15.5 per cent goading) 

• 

• 

$ 16 10 

Total, labor and material ... 


. 

$ 60 98 

16-kv-a. single-phase transformer, $145 -h 17.0 per cent (loadmg) 

169 SO 

nPotal. ..... . .. ...» 

- 


$230 78 


The above eire merely esEamples selected at random and in no 
way indicate the entire record. Such a record may be made as 
complete in the matter of assembly costs as is found useful. A 
complete set of unit costa (items a, b, c, d, and e) will be found of 
great service in any case, however, and, once compiled, is not 
difficult to keep up to date. 

■Figure 363 is given as an illustration of the division of costs on 
poles and wire found in one case by a cost anal 3 rsis. While not 
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(o) Poles an^ Fixtures (b) Wire Eto. 

Fig. 363.—Ccmiponent costs on poles and wire, overhead distribution. 
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to be considered as of general application, it is interesting to 
note the proportion of cost assigned to the various items such as 
labor and overhead expense. 

Annual Costs.—Investment costs in any piece of property 
which is in service for a period of years may be considered as 
spread over that period in equal annual amounts. The various 
elements which enter into that annual cost will be discussed in 
turn. 

Interest .—Whenever money is invested in a piece of property a 
legitimate rate of interest may be expected as part of the earnings 
of that property. If the money be borrowed money, interest 
must be paid to the creditor. If it is not borrowed money, it 
might be put out elsewhere at a legal rate of interest, so a fair 
return from the property is justified, not as a matter of profit, but 
as a legitimate repa 3 nnent of cost. 

Interest must be figured on the total investment represented 
by the structure in place, including material costs, labor costs, 
and overhead expense. 

The rate at which interest should be charged may vary with the 
problem under consideration. As a rule it should be the current 
rate of interest on sound mvestments. It may be the rate at 
which the company can borrow money under ordinary conditions. 
The average rate paid on all securities is sometimes used, but 
in case the dividend on capital stock is fairly high, part of that 
should be considered as profit rather than the equivalent of an 
interest charge. On the other hand, if the dividend rate is fairly 
low and of a constant amount, it may well be considered in the 
category of “fair return.” In some cases, due to poor financial 
conditions or in an emergency, a company might have to pay a 
higher rate for money than the market rate. All these factors 
should be considered in determining the rate to be used as an 
interest charge in figuring annual cost. It is well to keep in 
mmd in such considerations the fact that it is cost which is being 
studied and not possible or usual return on investment. In the 
lack of a more carefully determined rate, 6 or 7 per cent is quite 
commonly used. 

Taxes .—Taxes are an annually recurring expense on any piece 
of property. The percentage which should be included in annual 
costs to represent taxes may usually be quite easily determined 
from the company’s accounting records. It should include aU 
taxes, both direct and indirect, property tax, income tax, etc. 
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Rigkt-of-way .—Any yearly payment for right-of-way for a pole 
line must, of course, be included in the annual costs of the line. 
It partakes of the character of rental of the property occupied, 
which rental of course represents the annual charges which would 
be incurred on the same property if it were owned. Right-of-way 
costs are the most usual form of rental encountered on a dia- 
tnbution system, but any other form should be similarly included. 
Rental of pole space on jointly occupied poles is, of course, merely 
another type of right-of-way charge, or rental. 

Insurance .—Insurance is not a usual cost on distribution lines, 
but should be recognized as an annual cost where it does occur. 
It may include insurance against loss by fire, theft, tornado, etc. 

Maznienance .—Maintenance charges include all the expenses 
which become necessary m keepmg the property in good working 
condition during its useful life. PatroUing hues and transformer 
inspecting and testing are forms of maintenance which can be 
foreseen and whose cost can be quite accurately estimated. 
The former is proportional to the length of line but does not 
enter into problems such as those of wire size. The latter is 
proportional to the number of transformers but not to their size. 
Repairs which become necessary because of failures due to faulty 
material or unforeseen loads are impossible to anticipate with 
c^ainty, but experience will show a more or less constant average 
for a large group of similar units. Such a cost is hkely to be 
practically proportional to the size or cost of the unit and the 
average annual cost can be distributed as a part of the annual 
charge on the investment. C5ertain other major items of main¬ 
tenance are impossible to foresee and can only be included as an 
approximate figure, to cover things unknown which might happen. 
Such a case would be the breakage of a large number of poles 
due to an unusually heavy sleet and wind storm. Some other 
work, such as the rebuilding of lines when they become deterio¬ 
rated to an extent to be unsafe or unsightly or when their design 
becomes inadequate for the conditions which have been reached, 
is sometimes considered as maintenance but its cost belongs, 
rather, under depreciation or obsolescence. 

Operation .—Some units, such as substations for example, 
require an expense for operation which is distinct from main¬ 
tenance For distribution lines, however, such operating as is 
done is for the most part included, or may be included, in the 
class of maintenance. 



INVESTMENT COSTS 


623 


Depreciation. —Depreciation is one of tlie elements of annual 
cost hardest to determine or estimate with exactness. Most 
materials, or at least the structures which they compose, have a 
limited span of life at the end of which they become unfit for 
service. If the property is to continue m operation after that 
time, provision must be made for replacing the unit when it 
wears out. It also may be thought of in the li^t of repasdng the 
money borrowed for the imtial investment when the property 
value represented has disappeared. In either case, a certain 
amoimt must be set aside each year out of the return from the 
property to offset this depreciation. Physical depreciation, 
that is the actual physical reduction m value, may be considered 



Fig. 364 —Physical depreciation 

as taking place in several different ways with different property. 
It may be gradual and uniform, about the same amount each year, 
such as might be the case with a wood pole which is decaying 
gradually until it finally becomes too weak for service. Tt^ is 
represented by curve A, Fig. 364, and is called straight-line depre¬ 
ciation. Other property may depreciate a large amount the first 
year and more gradually thereafter. This is the case with many 
articles whose value is measured by the amount for which they 
could be sold (automobiles for example), curve F, Pig. 364. 
If useful value only is considered, the depre<aation may be very 
gradual or not at all, if the property is well maintained, until the 
limit of life is reached, curve C, Fig. 364. 

When figuring depreciation as a cost charge, however, the 
question is not so much ph 3 rBical depreciation as it is the matter of 
taking care of rejilacement at the end of useful life, assuming the 
property as a whole will continue to operate over that life and 
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beyond. The straight-line assumption is often made for this pur¬ 
pose and is simple and easy to compute. If the allowances for 
depreciation are assumed to be set aside each year and allowed to 
accumulate with interest, however, the straight-hne basis is incor¬ 
rect, and it is logical to assume that any such fund, whether 
invested in the busmess or in other securities, would accumulate 
interest. This latter method of computmg depreciation is called 
the sinking-fund method” and naturally gives a smaller rate of 
annual, charge than the straight-line method. For example, if a 
10-year life is assumed, under the straight-line method the depre¬ 
ciation rate would be simply Jfo or 10 per cent per year. By the 



Fio. 365*—^Aocumulation by stralght^liiie and sinking-fund methods. 


s inki ng-fund method, at 6 per cent interest, the rate would be 
7.59 per cent per year. In Fig. 366 the amoimt of accumulation 
at any time during the life of the material by the two methods is 
indicated. The formula for determining the annual rate of 
deprenation by the sinking-fund method is as follows: 

For $1,000 at the end of n years the annual amount is equal to 

1,000 W 

where 


R ^ 1 + 


100 


r *• rate of interest assumed, in percentage. 

The rate of depreciation by this method is therefore the above 
divided by 1,000, times 100 or 

100^^— 7 ^ per cent. 


(131) 
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The salvage value of material must be taken into account when 
computing depreciation. A pole for example may be rotted at 
the ground line so as to be unserviceable and yet it may be pos¬ 
sible to remove it, saw off the butt, and use it again as a shorter 
pole. Copper wire may become unserviceable on accoimt of the 
deterioration of insulation or weatherproof covering, or due to 
breakages, but the copper itself has little physical depreciation 
and may be sold for a relatively high price. The depremation 
must therefore be figured on the reduction in valtte, allowing for the 
salvage value recovered. A simple example of a computation for 
depreciation will illustrate this: 


Assmne a line of No. 0 weath^proof covered wire. 

Cost of wire per 1,000 ft.—420 lb. at 30 17 . 371 40 

Labor cost of erection 10 00 

Total . 381 40 

Salvage value, 319 lb. at 30 12 . . . 338 28 

Labor cost of salvaging . . 10 00 

Net salvage value . . 328.28 

Net Cost ... ... 353.12 

.Assuming a Me of 15 years, on the 


S53 12 

straight-line basis, depreciation =* —jg— — $3 54 

S3.54 . 

or = 4 per cent per year 

«2 28 

on the ainkmg-fund basis, depreciation = = 2.8 per cent per year. 

As indicated in the above example, labor costs for dismantling 
and removing the material enter into the net cost on which depre¬ 
ciation must be computed. 

Obsolescence .—Materials and structures often are replaced long 
before their useful life has expired, on account of the fact that 
they have become undesirable due to changes in the art, changes 
in conditions imder which they are used, changes in regulations 
governing their use, introduction of more efficient and economical 
designs, replacement of other materials with which they are used, 
etc. It is practically impossible to foresee most of such changes 
and yet it must be recognized that they are likely to occur. 
One very simple method of allowing for this factor is by uinng the 
straight-line method for figuring depreciation, understanding 
that it is not correct as far as actual depredlation is conommed. 
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but allowing the excess rate (over the sinking-fund rate) to be a 
provision for obsolescence. 

Total Annual Charge .—It is usually convenient to assemble 
all the above component charges into a total annual charge 
percentage which may be applied to the initial cost of the struc¬ 
ture in place, to determine the annual cost, 

For example. 

Percentage 

Interest ... - . . 60 

Taxes ^ . . . .... 2 5 

Maintenance. ... 05 

I>epreciation - . . . . 6 O 

Total . . ... 15 O 
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COST OF EITEROY TOSSES 

Th.e determination of th.e cost of energy witli any degree of 
exactitude is usually a rather difficult matter So many variable 
and uncertain quantities are involved, whose interrelationships 
are also rather indeterminate, that it may sometimes be almost 
a hopeless task to arrive at any accurate solution. However, 
it is essential for the purpose of making economic studies, that the 
cost of energy losses be as near to actual costs as they can be 
determined- Otherwise, the results obtained wiU not be indica¬ 
tive of true conditions- Doubtless, in most cases, a number of 
assumptions and approximations will have to be made in the 
course of a study of energy costs, but in any case an approxima¬ 
tion based on careful study of the governing factors will be far 
better than a mere guess. It is intended to show here what are 
the governing factors and what their effect is on emergy cost 
rather than to indicate a definite method of computing such cost. 
The method of computation used will depend somewhat on the 
type of system and the purpose for which the cost data is to be 
used. 

The cost of energy delivered at any one given point on the sys¬ 
tem may be considered as somewhat different from the cost at any 
other given point- Similarly, the cost of each kilowatt-hour 
at any given point may be somewhat different from the cost of 
any other kilowatt-hour at that point. This will be recognized 
when it is remembered that the cost of energy depiends somewhat 
on the shape and size of the characteristic curve of the load being 
considered and its relation to curves for other types of loads and 
to system load, and that it includes the cost of distribution up to 
the point of utilization. Furthermore, since losses vary as the 
square of the load, the line losses per kilowatt are greater for a 
large load than for a small one, and cost of losses in distribution 
are a part of energy cost. It is of course impossible and unneces¬ 
sary to go to any such degree of refinement in considering energy 
costs. Xioads fluctuate from day to day and year to year, both as 

027 
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to size and as to shape of load curve, and methods of system 
operation change from time to time. It is suflB.cient to deal with 
large groups or classes of load and to obtain average costs for such 
groups. 

It is well to keep in mind, in studying energy costs for use in 
economical design, that there is a fundamental difference between 
such costs and the costs which are determined for rate-making 
purposes- For use in setting up a rate scale, it may be sufficient 
to consider the ssrstem as a whole and obtain the average cost 
per xinit for each of a few general classes of loads which have 
markedly different characteristics. The rates may be the same 
aU over the S 3 rstem and it is the grand average cost which is 
important rather than the specific cost for any particular locality. 
The chief object is to so determine the cost that it may be covered 
by the return received from the customer. In economical 
defflgn, on the other hand, the true cost to the company is the 
important feature- In many cases, energy losses may be reduced 
by an increase in investment and the problem is to justify or 
condemn such increase. To accurately represent the economics 
of the situation, therefore, the value used m computing the sav¬ 
ings due to decreased losses must represent true costs of energy 
losses at that particular point and not the average for a whole 
system. The cost at outlying points for example will be greater 
than near the generating station and hence the savings accom¬ 
plished by their reduction are more important. It is evident, 
therefore, that, whereas it is necessary from a practical standpoint 
to make certain assumptions and to use average values in deter¬ 
mining the cost of energy, it is also of advantage to investigate 
the variation in cost hn as much detail as is warranted by the 
accuracy and detail of the information available. 

Another point which it is well to observe is the distinction 
between actual cost and the apportionment or a ssignm ent of that 
cost among different loads when determining the rates to be 
charged. The important consideration for this work is how 
actual cost will be increased or decreased by any proposed 
change in the system and not how that increase or decrease may be 
distributed among the customers. This point will be discussed 
further rmder demand costs. 

Classification of Costs.—^The costs incurred in producing elec¬ 
trical energy and delivering it at the point of consumption include 
the following items: 
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a. Annual charges (see Chap. XXXIII) on investment in generating 
station land, buildmgs, generatmg equipment, etc 

6 Cost of operatmg generatmg stations mcludmg labor, fuel, lubricants, 
station supphes, etc. 

c Annual charges on investment m transmission lines, substations, and 
distribution hues from the generator to the point of utilization. 

d Cost of energy losses e^enenced in transmittmg the energy to the 
customer. 

e Cost of operation of substations and lines 

In addition to the above, further costs are involved which 
influence the net return received, ze, 

f. Cost of metermg, billing, coUectmg, service costs, lamp renewals, etc. 

The various costs indicated may be subdivided and classified as 
follows: 

1. Costs dependent on the number of customers. 

2 Costs dependent on the peak load carried on the ssrstem or the demand. 

3. Costs dependent on the total output in kilowatt-hours. 

This classification was proposed by Dr. John Hopkinson in 
England in 1892 and has been later discussed and amplified by H. 
L. Doherty and other writers. It is quite generally accepted for 
ordinary purposes. There are other minor classifications of 
course, into which certain costs might be placed but these three 
are the most important and practically aH costs can be divided 
among them without introducmg appreciable error. 

Customer’s Cost.—The first class of costs mentioned, i.e., 
customer’s cost usually may be omitted in considering energy 
cost for economic study, as such costs are not really energy costs 
but costs incurred in collecting the return received for the energy. 
Care must be taken, however, that costs belonging in that class 
are not included under either of the other divisions. Here, right¬ 
fully, belong the greater part of general ofl&ce expense, sales 
expense, costs of metering, billing, and collection, part of the 
cost of service wires, and some percentage of other costs according 
to local conditions. 

Demand Cost.—The second division of costs, demand costs, 
includes all the costs on generating station, transmission lines, 
substation or distribution lines, which are dependent on the total 
amount of load carried—the peak load. If that peak load is 
100,000 kw., the generating station must have a capacity of 
100,000 kw. plus a reasonable amount of reserve for emergency, 
even though the load of 100,000 kw. is reached for only a short 
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time at some time during the year. Similarly, the transmission 
lines, substations, and distribution lines must be large enough to 
handle the maximtun load which they are called upon to carry 
at any time, even though the load for the greater part of the time 
may be very considerably less. The investment necessary, 
therefore, is governed by the demand (kilowatts) and not by the 
amount of use (kilowatt-hoTirs). 

Some items of annual cost clearly belong to demand cost only. 
These are such costs as interest, taxes, insurance, etc., on the 
generating station building, land, boilers, turbmes, and other 
equipment, and Himilar charges on investment m transmission 
Tiufts, substations, and distribution lines. These costs have, as a 
rule, no relation to the number of kilowatt-hours produced and 
are strictly demand chaiges. Other costs may be attributed 
partly to demand and partly to output. For example, the cost 
of fuel, while very largely proportional to Uie kilowatt-hours pro¬ 
duced, is still in some xiart a demand charge, since it will take 
some fuel to keep steam in the boilers ready for operation, even 
thou^ no kilowatt-hours are produced. Similarly, wages of 
station attendants, cost of lubricants, depreciation on certain 
machinery, etc. are items which are affected to a greater or less 
degree by the demand. 

Output Cost.—The remaining parts of the items just men¬ 
tioned, i.e., the parts not attributable to demand, may generally be 
considered as proportional to output or kilowatt-hours. The cost 
of energy losses experienced in transmittmg and distributing the 
energy is also very largely an output charge. The cost of core 
loss^ in transformers may be considered as a demand charge 
since they are continuous regardless of the amoimt of load carried. 
The cost of copper losses (Z®i2 losses) is strictly an output cost 
but is not directly proportional to the output in Idlowatt-hours. 
The total amoimt of loss depends on the shape of the load curve 
Educe the loss at any time is proportional to the square of the load, 
see Fig. 367. Two loads might consume the same number of 
kilowatt-hours and yet might cause quite different amounts 
of loss. This may be clearly seen by referring to the discussion of 
load factor and loss factor in Chaps. Ill and XI. 

The proper proportion of any cost to assign to demand and to 
output may be somewhat difficult to estimate and will no doubt 
vEuy with different systems. One method of making a deter¬ 
mination of this division, based on actual total operating costs. 
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is as follows: Two periods are chosen, such as a month or a week 
at different tunes of the year, one in which the load is heavy, the 
other in which the load is light. If 

Cd = demand cost per umt demand, 

Cj = output cost per unit of output, 

D = total demand (kilowatts), 

Fi = output (kilowatt-hours) during hghtly loaded period. 

Fa = output (kilowatt-hours) during heavily loaded penod. 

Cl = total cost for lightly loaded period, 

C 2 = total cost for heavily loaded period, 

then 


Cl = 

Ca = 
Cf = 

Cx> = 


Cr>D -J- C/Fi, 
CnD -h CfFa, 
Ca - Cl 
Fa-F^’ 

Cl - C/Fi 
D 


(132) 

(133) 


This method can be quite easily applied to such an item as fuel 
cost to determine what part of it is attributable to demand. 

The following is typical of the division which might be found 
practicable for some of the items of cost m a generating station: 



Demand, 
per cent 

Output, 
per cent 

Superintendence. 

100 


■ •• «•••• m » m » m m * 

90 

10 

Fuel . 

25 

75 

Lubricants. 

25 

75 

Station supplies . <.. 

100 



Cost of Energy Losses.—^Heretofore, the discussion has dealt 
with the cost of energy in general including that used as well as 
that lost m distribution. For the purpose of economical design, 
it is usually the cost of energy losses which is desired rather than 
the cost of energy delivered to the customer. The two are not 
greatly different. Energy loss on any portion of the system, such 
as a primary feeder for example, appears as a load on all of the 
system up to that point, and a load of similar characteristics 
to those of the useful load which it accompanies (with the excep- 
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tion that since copper losses vary as the square of the load at any 
time, they do not add in direct proportion to the whole load curve 
of the load which occasions them). The losses are hence subject 
to demand charges and energy charges as for any other load. 
One distinction might be pointed out which should be recognized 
although it may not always be practicable to evaluate it. Since 
losses are a part of the load which it is possible to reduce if desired, 
they must be considered as a load added to the useful load. 
Hence the output or kilowatt-hour cost occasioned by copper 
losses on the system up to the point where the losses under con¬ 
sideration occur, is somewhat greater for such losses than it is 
for the useful load. This may be illustrated by a simple example. 
If the useful load on a power line is assumed to be 100 per cent, 
and the losses on that line 10 per cent, the total load transmitted 
to that point is 110 per cent. The copper losses on the system 
up to that point are proportional to the load squared, hence, for 
the useful load, they are proportional to 100 per cent and for the 
total load (110 per cent) they are proportional to 121 per cent. 
Therefore, the transmission losses for the 10 per cent loss in the 
power line are proportional to 21 per cent or are over twice as 
much per umt as for the useful load. 

For practical use in economic problems, several different 
assumptions are sometimes made as to the proper value to place 
on energy losses. These will be discussed briefly. 

1. It is sometimes assumed that the energy lost should be 
charged at the price received for useful energy at the point of 
dehvery, i.e., the price for which it might be sold if it were 
delivered instead of dissipated in heat along the lines. This 
theory takes little accoimt of the actual cost of the energy as 
discussed above. If the energy supply is Kmited and the demand 
for it is greater than the supply, this assumption would seem rea¬ 
sonable since any additional energy which can be delivered by 
reducing losses could be sold for the regular price and cannot be 
obtained otherwise. Such a case is rather unusual, however, 
appearing perhaps only in such cases as small, isolated hydro¬ 
electric plants, etc. Under the more usual conditions, the supply 
could be augmented, by additional investment, to care for any 
losses occasioned in serving all the available load. 

2. Another assumption which is sometimes made, is that the 
demand cost for losses should be distributed among losses occa¬ 
sioned by various types of load (power, lighting, street railway. 
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etc ) in tlie same proportion by "wljicb demand costs for energy 
used is allocated to these same t3rpes of load in determining rates 
to be obarged. The method of allocating demand costs will be 
taken up briefly later. This theory usually confuses actual cost 
with the method of distributing that cost among the various cus¬ 
tomers in collecting a return to cover that cost. The latter is a 
commercial problem such as any merchant has in determimng 
the prices which he can reasonably charge in order to regain the 
investment which he has made in a quantity of goods (plus rea¬ 
sonable proflt) but does not affect to any extent the price he has 
paid for the goods. This theory of distribution of demand cost 
can therefore only be considered justified when the problem 
involves the collection of a return from the customer for the energy 
losses, and not when only cost to the power company is 
considered. 

3. The theory which more nearly represents the true cost in 
most cases is that the demand cost is proportional to the part 
which the particular load (or loss) in question pla 3 rs in the peak 
demand. It has been indicated that demand cost on a generating 
station, or on any other part of a system, was dependent on the 
peak load or demand on that station or part of the system. If, 
therefore, a particular type of load, such as lighting load causes 
only some fraction, such as one-third of the peak demand, it is 
responsible for only one-third of the demand cost. 

A simple e^unple will illustrate the theory and also bring out 
the relations in regard to demand cost per unit of demand (per 
kilowatt^. Assume two loads as indicated in Fig. 366, one having 
its peak at time of system peak, the other having its peak at 
some other time and entering the system peak in only a fraction 
of its own peak. Lioad A has a peak of 75,000 kw. at 9 a.m. 
at which time the system peak of 100,000 kw. occurs. Load JB 
hft.« a peak of 50,000 kw. at 8 p.m. but at 9 a.m. it amounts to 
only 25,000 kw. or one-half of its own peak and one-fourth of the 
system peak. Assume, for simplicity, that the total annual 
demand cost has been determined as $1,600,000 or $16 per kilo¬ 
watt of peak load. Load A, therefore, is responsible for $1,200,- 
000 of this and load B for $400,000. 

If, now, the load curves are assumed to be definitely character¬ 
istic, i.e., each component part of load B, for example will have 
half as much load at 9 a.m as it does at 8 p.m., etc., the demand 
cost may be expressed in cost per kilowatt for each type of load. 
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the kilowatts referred to being kilowatts at time of its own peak 
for each load (at 8 p.m. for type B). For load A then, the annual 
demand cost per kilowatt is $1,200,000/75,000 = $16 per kilowatt 
since its peak occurs at timeof system peak. For load 15, however, 
the demand cost i>er kilowatt will be $400,000/50,000 = $8 per 
kilowatt since its peak occurs at some other time than time of 
system peak and its load at time of system peak is only one-half 
as much as its own peak. 



It may be stated therefore that the demand cost per Mlowatt for 
any load whose peak occurs at time of system peak is equal to the 
demand cost per hilowait of system peak load, while the demand coit 
per kilowatt of a load whose peak occurs at some other time than time 
of system peak is equal to the ratio of its load at Ume of system peak 
to its own peak, times the demand cost per hilowatt of system 
peak, 

A further consideration enters the problem of demand cost for 
energy losses. Figure 367 shows the relation of copper losses to 
load, at any point on the load curve, the loss being proportional 
to the square of the load. It is evident, therefore, that, if the 
load at time of ssrstem peak is only one-half of its own peak, the 
copper loss at that time is only one-fourth the loss at peak load. 







COST OF ENERGY LOSSES 


635 


Therefore the demand cost for copper losses for an “off peak” load 
is eqiutl to the square of the ratio of zts load a/t ttme of system peak 
to its own peak, times the demand cost per kilowatt of system peak. 

In the problem shown in Fig. 366, the demand cost for losses for 
load B would be only $16/4 == $4 per kilowatt. This is evident 
when it is conmderedthat if the losses for load B were, for example, 
8,000 kw. at time of its peak, at time of system peak, when the 



load is only one-half as great, the losses would be only 2,000 kw. 
The corresponding demand cost would therefore be $32,000/8,000 
= $4 per kilowatt of loss. 

This theory can be applied to the determination of demand 
costs on any portion of the system, tra nsmis sion, substation, etc., 
the corresponding load curves being used for each part. It 
should be remembered that a given load may play a different part 
in the peak load on various parts of the S 3 rstein. Laghting load 
for example may be “off peak” for the generating station and 
transmission lines and yet create the peak on its own part of the 
distribution system, taking full demand cost for that part. It is 
well to remember, in computing demand costs, that loads 
which are off peak now may change so as to create the peak at 
sonxe other time. 
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Allocation of Demand Costs to Loads.—It has been mentioned 
(under Cost of Enei^y Losses, 2) that the methods of allocating 
demand costs among various types of loads for rate making were 
sometunes used for distributing costs of energy losses. It will be 
of interest to mention briefly some of the methods used for that 
purpose. 

1. The allocation of costs according to the share the load haj=i 
in the S 3 rstem peak (as discussed under Cost of Energy Losses, 3) 
may be used sometimes, but not often, since it is likely to favor 
the off-peak customer too greatly. 

2. The costs are sometimes allocated in proportion to the peak 
values of the various component loads. 



3. The use factor is sometunes considered and this probably 
^ves the fairest distribution. By this is meant that considera¬ 
tion is given to the amount of time which the customer makes 
use of certain parts of the system capacity, as well as aunply 
his part in the peak. 

Referring to Eig- 368, let A and B be two different loads, 
carried on the same system. A has a steady load of 2,000 kw. 
for 3 hr., B, 500 kw. for 10 hr. with an additional 500 for 3 of 
these hours but not the hours which A is using. The total demand 
cost is based on the peak load of 2,500 kw., 2,000 of which is 
A^a and 500 B’s. 

The division of demand cost would be under method 1, 


A . . 
B . . 


2,000 

2,500 

500 

2,500 


= g of total demand cost, 


g of total demand cost. 
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under method 2, 
A . . 

B . . 


2,000 

3,000 

1,000 

3,000 


= ^ of total demand cost, 
= 5 of total demand cost. 


Under method 3^ the total system might be divided into part 
s 3 rstems of 500 kw., 500 kw. and 1,500 kw. B uses 500 kw. 
entu*ely for its own load. It uses the other 500 kw. for 3 hr., 
while A uses it for another 3 hr., A uses the 1,500 kw. entirely. 
Therefore, 


1 X 1,500 + % X 500 ^ 1,750 
2,500 2,500 

1 X 500 + % X 500 _ 750 
2,500 2,500 


0.7 of total 
0.3 of total 


Many variations of these methods are possible, but the above is 
sufficient to indicate the general problem. 

Summary of Cost Analysis.—It is desirable to obtain as com¬ 
plete a schedule as possible of demand and output costs for 
various parts of the system. Various problems ansmg involve 
the cost of energy losses at different points, such as on transmission 
lines, at substation transformers, on primary feeders, at dis¬ 
tribution transformers, etc. The more accurately the costs at 
these various points can be differentiated the more accurate the 
solutions obtained for such problems. 

Figure 369 indicates the factors which must in general be taken 
into account in carrying out a complete analysis of energy costs 
on a system. 

Application of Energy Costs.—There are, of course, many occa¬ 
sions when such a complete detailed analysis is impracticable on 
account of lack of time or lack of complete data. Approximatious 
are entirely justified if they are made intelhgently with a knowl¬ 
edge of what the true affecting conditions are. A common 
approximation is to assume the demand costs on a generating 
station to be simply the annual charges on the total investment 
represented in station and equipment, and ■(lie output cost, the 
total operating expense of the station, including all fuel, wages, 
etc. On transmission lines, the demand cost is represented by 
aimual charges on investment and output cost is the cost of losses 

^Eisbnmbtbr, H. E., “Central Station Rates in Theory and Practice.” 
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on the line. Such a method will no doubt give results not far 
wrong in the finfll solution if all costs are included in one or the 
other division. The figures used may be qualified somewhat, 



if desired, to allow for the other variations indicated in the 
preceding discussion. 

When using costs of energy losses in actual problems there are 
two methods, in general, in which they may be handled: 
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1. Demand costs and output costs may be kept separate. 
The demand cost per kilowatt is multiplied by the demand occa¬ 
sioned by losses. The output cost per kilowatt-hour is multiphed 
by the kilowatt-hours of losses per year. 

2. The demand cost may be reduced to a cost per kilowatt-hour 
for the particular type of load and added to the output cost, 
giving a single cost per kilowatt-hour. This form is perhaps 
somewhat more oonvement to use m most problems. 

In any computation of annual costs due to energy losses, 
whether by the former or the latter method, it is necessary to 
obtain the total number of kilowatt-hours for the year corre¬ 
sponding to the loss in kilowatts at peak load, since the latter 
figure is the one usually determined first. Heference should be 
made to the discussion of loss factor and equivalent hours in 
Chap. III. Total kilowatt-hours for a year are given by 

Kilowatt-hours of loss = kilowatts of loss X t X 365, 

where 

t = equivalent hours per day which peak load must continue 
to give a total loss equal to that actually experienced, 
= loss factor X 24. 

If 

Cl = demand cost per kilowatt for losses, 

C 2 = output cost per kilowatt-hour for losses, 

Cs = combined cost perkilo watt-hour as indicated in method 2. 

(1) Annual cost of energy losses = 

kilowatts of loss X C7i -1- kilowatts of loss X t X 365 X Ca. (134) 

(2) Annual cost of energy losses = 

kilowatts of loss X f X 365 X Cz. (135) 

Q 

Evidently therefore C, = ^ ^ 365 ' + C T 

Example of Computation of Energy Cost.—^An example of a 
computation of cost of energy losses will now be given to indicate 
concretely some of the principles given above. A simple power 
system will be assumed as indicated in Fig. 370. The quantity 
desired is the unit cost of energy losses occurring on lighting 
secondaries. It is assmned that the hghting load is fed by 
separate circuits from the substation. The substation, however, 
carries diversified load as indicated by the separate power 
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circuits shown, hence the peak load on the substation does not 
occur at the tune of the lighting-load peak. At the tune of the 
substation peak the lighting load is only one-half of its peak 
value (see Fig. 366). The same is therefore true in regard to the 
load on the transmission line and the generating station. The 
values assumed for investment costs, percentage of losses, etc., 
are shown in Table LI. 

The difference in the figures in columns 2 and 3 is due to the 
difference between ssnstem capacity and actual peak load. 


D/sfr/bufron —r— 


frvinsfyrmer^ 

Pri mary 

L/ghf/ng 
c/rcu/r 


generating 




Ttxrnem/ss/on 


<su, 


^bsmhon 




yon 


Power 

arcuit 




Power 

anouit 


II 


Seoonakrry 


HI 


"Fio* 370.—Diagram of system used in computing example of energy cost. 


The percentages in column 5 were derived from those in column 
4, using comparative values of load factor and loss factor. 

The figvues in column 7 were obtained by progressive appli¬ 
cation of the per cent losses in column 4. The multipliers 
in column 8 take account of the percentage of load at the time of 
peak load, squared to get values for losses rather than loads. 

Costs m column 9 were obtained from columns 3 and 8. 

Kilowatt-hours in column 10 were obtained by progressive 
application of the percentages in column 8 and represent the 
addition to output cost occasioned by hne losses. 

The yearly cost of core loss was added to demand charge, 
the figure 0.026 representing the total per cent core loss 
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from column 4, increased to allow for additional output cost on 
the system for these losses. 

This computation introduces some approximations, such as 
the neglecting of divenaty factor, but it illustrates many of the 
chief points to be observed in making such a determination. A 
number of refinements are possible if it is desired. It should not 
be assumed that the figures given apply to any particular system. 
They were selected at random. 


TABiiB LI. —Computation op Enbbqt Cost 


1 

2 

3 

n 

5 

6 

B 

8 

9 

10 


Investment pm ^ 
kilowatt capacity 

Investment per 
kilowatt peak load 

Per cent loss, peak 
(kilowatts) 

Per cent loss, out¬ 
put (kilowatt- 
hours) 

Percentage of light¬ 
ing peak at time 
of peak load 

Kilowatts at peak 
for 1 kilowatt on 
secondaries 

Multiplier for 
demand charge 
for loss 

Demand charge 
per kilowatt for 
losses 

iJ. 

111 

Secondary 

1 20 

$ 25 

2 

0 8 

100 

1 

1 


1 

Distribution trans¬ 

20 

25 

2 

0 8 

100 

1 026 

1.026X1 

$ 25 70 

1 008 

former 



copper 










0.6 core 







Primary 

12 

15 

5 

2 

100 

1 078 

1 078X1 

16 20 

1 028 

Substation 

30 

40 

1,5 

1 

50 

1 105 

1 106X0 5* 

11 15 

1 038 




oopper 










1 core 







Transmission 

12 

15 

5 

3 

50 

1 16 

1 16 XO 6 * 

4 36 

1 069 

Step-up substation 

12 

15 

1 

0 7 

50 

1 187 

1.187X0 5» 

4 46 

1 080 




oopi>er 










0 Score 







Generating station 

TiTil 

130 


, 

50 

1.187 

1 187X0.5* 

38 70 

1 080 

Total 




• 

• - 

• 


$100 57 



Annual charges at 15 per cent ... . $15 10 

Annual core-loss cost 0.026 X 24 X 366 X 0 006 - . $ 1 14 


Total demand charge . » « . . $16,24 per year 

Output charge at generating station 0 005 x>er kilowatt-hour, 

0 005 X 1 08 » 0 0054 at secondaries. 

Cl » demand charge per kilowatt » $16 24. 

Cs « output charge per kilowatt-hour *>- 0 0054 

Cl 16 24 

Cs «■ combined charge per kilowatt-hour ** 355 ^ 4 - Cs « gJJTs' ^ 

0 0178 + 0 0054 0 0232 

(assummg t ■■ 2 5 hr. per day). 
























CHAPTER XXXIV 


OENKRAT METHODS 

Before proceeding to a discussion of specific problems relating to 
particular parts of the distribution system, an analysis will be 
given of the general methods of attacking such problems. While 
each problem of this kind may present certain characteristics 
of its own which make it different from all others, there are certain 
fundamental principles and methods which will be found useful 
in indicating the process to follow in seeking a solution. A thor¬ 
ough understanding of these fundamentals will greatly simplify 
the work of economic study in any case. 

Preliminary Work,—It is assumed at this point that cost 
studies of materials, construction, annual charges, and energy 
costs have been made, as suggested in the previous chapters, 
and definite values assigned to the various items. These are 
the tools to be used in the more specific work of determining the 
most economical conditions of design and operation of the 
system. 

It may be almost needless to say that a prime requisite for 
attacking any problem is a definite statement of just what the 
problem includes and the object sought. It may be the most 
economical span for a line, the most economical wire size, the 
most economical voltage, the most economical voltage drop, a 
choice between two specifi,c alternatives (such as two different 
routes), or other similar questions. In any case, the objective 
should be cleaHy defined. 

The second requisite is a determination of all the limiting 
factors in the case. For example, in studying the most economi¬ 
cal span for a line, the size of conductor will be a governing con¬ 
sideration. The conductor must be large enough to carry the 
electrical load with satisfactory voltage regulation. Then, 
there may be several materials which would make suitable con¬ 
ductors. These must be chosen and their characteristics studied. 
Finally, there may be certain local limitations imposed on span 
lengths, wire sizes, sags, strengths, safety factors, spacings, 
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etc., by safety codes or rules which govern in that locality. All 
these factors enter into the problem and limit the field of study. 
As another example, in determining the most economical wire 
size for a given load, there will be a Tninl-miiTn hmit of size which 
will be practicable for mechanical strength, a minimum which 
wdU be satisfactory from the standpoint of carrying the electrical 
load, and possibly a maximum size which can be used without 
increasing the strength of the supportmg structures. It is to 
be recommended that aH such limitations or restrictions in con¬ 
nection wnth any problem be investigated before the actual 
consideration of costs is begun. In general, it might be said that 
at least a certam amount of study of the electrical and mechan¬ 
ical design should usually precede the economical design, as 
these fix the limitations. In any problem deahng with wire 
sizes, voltages, etc., it is also necessary to definitely define the 
electrical load to be used. It may be that the load is increamng 
from year to year. If so, the rate of increase should be estimated. 
The economical condition may be detennmed for present load, 
for the load some definite time m the future (based on the 
assumed rate of increase), or the rate of increase of the load may 
be included as a factor m the problem. 

One other general consideration should be mentioned. The 
problem may be a simple one, involving only one variable whose 
economical size is to be determined, such as the economical size 
of a conductor, when pole strength is not a hmiting factor. It 
often happens, however, that there is more than one variable. 
Such is the case in studying the d^gn of secondaries. The 
wire size, transformer size, transformer spaciz^, and voltage drop, 
are aJl variables subject to economical determination. They also 
have interrelated effects, each on the others, and it may not be 
possible to determine any one separately. Some pre limi n ar y 
study of any problem, with this question in mind, is worth while, 
to determine what factors are variable, which ones are independ¬ 
ent, and what interrelations must be studied to reach a correct 
solution. 

General Cost Equation.—^After the prefiminary consideration 
of the problem has been completed, all the elements of cost enter¬ 
ing the problem should be set down. Some of themr may not be 
variable but it is well to include them all to be certain that none 
have been omitted that do have an effect, even indirectly. It is 
convenient for this purpose to use an equation of total cost. 
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Such an equation is illustrated. It will be somewhat different 
for different problems, but the items included are characteristic 
of those commonly encountered. 

Let g = percentage total annual charges attributed to any class 
of property (pi, gz, gz, etc., indicate values for the different classes 
represented). 

Then, 

total annual cost = ji(cost of right-of-way) 

+ ^2 (cost of poles and fixtures in place) 

4- ffsCcost of conductors in place) 

4- 94 (cost of any special equipment in place) 
4- cost of maintenance, inspection, testing, 
etc. 

4- cost of annual energy loss in conductors 
4“ cost of annual copper loss in transformers 
4- cost of annual core loss in transformers, 
etc. 

Such an equation as the above might be written for a problem 
involving the determination of a most economical primary volt¬ 
age. For some problems the equation would be more simple. 
What it is wished to emphasize, however, is the value of definitely 
seti^ng down in such an equation, the cost factors which affect 
the problem. It clarifies the solution as it lists specifically the 
various costs which must be determined. 

In handling the cost equation for making graphical comparisons 
and mathematical solutions for most economical conditions, it is 
convenient to represent all the elements possible by S3rmbols. 
The solution is thus facilitated as some of the quantities drop out 
and the r^ulting expressions are of more general application to 
other problems than the one in hand. For example, such factors 
as cost of energy, load density, wire size, voltage drop, cost of 
copper, maximum load, transformer size, etc., may all enter the 
equation in the form of symbols to be evaluated after the solution 
is completed. 

Methods of Comparing Costs.—^There are various methods of 
comparing costs, which may be fitted to the problem in hand as 
best suits the conditions. Some of these are as follows: 

1. Direct comparison of the total amount of cost or of annual 
cost. This is the simplest method, of course, but is suitable for 
only the simplest problems, such as the comparison of two spe- 



GENERAL METHODS 


645 


cific designs whose costs can be definitely figured. For more 
general problems the use of graphs or charts is usually advisable. 

2. Plotting the equation for total annual cost m terms of the 
variable being studied. Such a chart is shown in Fig. 371 assum¬ 
ing that the variable is wire size, t.e., it is desired to compare 
annual costs for various wire sizes. The advantage of this 



Wire Sixe 

Fig* 371.—Total annual cost plotted—two variables 


method is that not only is the most economical size indicated at 
a, where the cost is least, but also the difference in cost between 
different sizes is evident. It is often desirable to know how 
much extra a particular size will cost than the most economical, 
in order to compare that extra cost with other less taxable 
advantages. 

If there is more than one variable (besides annual cost) the 
total cost may still be shown graphically by taking one variable 
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in steps and plotting a curve of cost for each step. Figure 372 
shows such a chart where the two variables are wire size and load¬ 
ing, the annual costs being given in cost per kilowatt of load rather 
than total cost, in this case, to reduce all curves to the same 



Load in Kitowattft 
Fia. 372.—Annual oost plotted—three variables. 


basis. From such a curve the most economical size of wire for 
any load can be determined, also the difference in cost between 
that ^e and any other size, and also the change in cost per kilo¬ 
watt as the load increases, indicating perhaps at what point one 
wire size should be replaced to a larger size and the size to be used. 

3. A convenient method where there are three variables besides 
annual cost in the equation is to take one variable in steps as was 
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done in (2), writing a. cost equation for each. step. Another 
variable is then eliminated by solving simultaneously the equa¬ 
tions of adjacent steps, the graphs of the resulting equations 
showing the points where the economy changes from one step 
to the next. This can best be illustrated by an example. 
Assume a problem of determining the proper wire sizes for three- 
phase secondaries, the load in horsepower being one variable, the 
number of hours per week the load operates another variable, 
and wire size, of course, the third. Cost equations are fiirst 
written for each standard size of wire used on the system. Nos. 6, 
4, 2, etc., up to No. 0000. (These are the “step” equations.) 
The general cost equation would be of the form 

F = Jti + KU -H (136) 

where 

Y = total annual cost 
A = cross-sectional area of conductor. 
t = hours per week. 

HP = horsepower of motor. 

Ki, Ki, Ki — constants for the problem. 

Eliminating A by writing an equation for each wire size, these 
equations would be of the form 

Yj.^ Ki + KiiHP^. (137) 

If equations for Ax and A^ (two wire sizes) are solved simultane¬ 
ously by assuming Y± the same m both cases, the result is a series 
of equations of the form 

iffP^ = Ki, (138) 

where the costs for size Ai is equal to that for At. These may be 
plotted as shown on Fig. 373 using t and HP as the coordinates. 
The resulting graph must be considered as a series of areas divided 
by the curves. For any point lying in the area designated as 
No. 2, the No. 2 size of conductor is more economical than either 
adjacent size. For a point on any line, there is no choice between 
the two sizes which the line divided. 

Such a chart is more or less special in character but is some¬ 
times quite useful as a reference to a field eng ineer when numerous 
fCTnnll problems of similar character must be solved quickly. 
It has the disadvantage of not showing oomparalive costs quanti¬ 
tatively but this is hard to do with so ma n y variables. The 



660 


ELECTRICAL DISTRIBUTION ENGINEERING 


Contrary to a very prevalent impression and belief, the gauge to be 
chosen for the conductor does not depend on the length of it through 
which the energy is to be transmitted. It depends solely on the strength 
of the current to be used supposing the cost of the metal and of a unit 
of energy to be determined.” 

In expressing this theorem mathematically, the total annual 
cost was given as the sum of annual charges on the investment 
cost of the conductor, and the annual cost of energy losses. This 
equation is of the form given above, K\ being costs not depending 
on wire size, Kz bemg charges proportional to wire size (invest¬ 
ment costs), and Kz being charges mversely proportional to wire 
size (energy costs). The minimum cost shown by the solution 
of such an equation is when the two costs are equal, i.e., when 
K%A = Kz/A. This is evident from the expression above for 
dY/dA. If 

K, - §; - 0 , 

Ku - 5 -- 

What is generally known as Kelvin's law has been formulated 
from this relation. It is generally expressed as: 

The most economical size of conductor is that for which the annual 
charge on the investment is equal to the annual cost of energy loss. 

This law is a very useful rule for rough approximations, if its 
meaning and derivation are clearly understood. It very often 
leads into error, however, if applied blindly. In the first place, 
it applies strictly only to problems for which the cost of conductor 
supports, and other cost not directly proportional to the size of 
the wire can be neglected. Where such must be included, and 
bear some other proportion to the wire size, the simple relation of 
Kelvin’s law will not hold true. Similarly when cost of trai^ 
formers and other equipment and their losses, which may not be 
inversely proportional to size, are factom, this law does not apply. 
It is only applicable to the one case for which the costs are in the 
proportion shown by the equation above, i.e., investment costs 
directly proportional to wire size and energy-loss costs inversely 
proportional to wire size. The only safe method for most prob¬ 
lems is to revert to Kelvin’s original statement, set up an equa¬ 
tion of total aimual cost, and discover its minimum by the process 
of differentiation. 
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As an example of the difficulty which may be gotten into by 
unintelligent use of Kelvin’s law, consider the problem of deter¬ 
mination of the most economtcal load for a given line Here the 
cost equation may be written 


y = -1- K4 + 


(141) 


where I is the current, and K\ corresponds to Ki m the previous 
equation, «.e., costs independent of wire size and of load. Ki 
is the investment cost on the wire which in this case is fixed and 
not proportional to the load. is the energy-loss cost, bemg 

assumed proportional to the square of the load. The solution 
must be made for the annual cost per unit of load in this case, 
i.e., Y/1. 




(142) 



I* 


+ Ks — 0 . 


I 


4 


'Ki + Ki 

Kb ■ 


(143) 


This is similar to the solution for most economical wire size except 
that it includes Ki, the cost which is not proportional to wire size 
or load (such as the cost of poles and fixtures, perhaps). If the 
investment cost of the loire only is equated to the cost of losses 
in this case, according to Kelvin’s law, the solution wiU be 
incorrect. 

Similar difficulties are encountered in attempting to apply 
Kelvin’s law to transformer problems, etc. It is more difficult 
to keep its fundamental relations in mind than to use the basic 
method as described. 

Where there are more than two variables in the problem, these 
may be held constant for the differentiation operation indicated, 
the result bcang an equation with one less variable (Y, or annual 
cost being eliminated by the differentiation) than the ori^nal 
cost equation- It may be exhibited graphically by either of the 
methods given in (2) or (3). Figure 375 is an example of such a 
solution where the variable used for differentiation was voUage 
drop, but the other variables of wire size and load density were 
included in the problem. The curves show most economtcal 
voUage drop for any load density for three standard sizes of wire. 



Host Economical Voltage Drop 
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Kf^ect of Variations in Cost.—It is a good plan to indicate, 
where possible, in the solution of any problem, the effect thereon 
of variations in the costs used. Not only does this facilitate 
future study, if costs change, but also it is of assistance in limiting 
the solution when the costs have not been determined with as 



L.oofot De^nsity 

Fig. 375.—Most economical condition—four variables. 


great accuracy as would be desired. Energy costs for example 
are difftcult to obtain with a great degree of exactness. If the 
solution can be so exhibited that the effect of a variation in energy 
cost of a certain amount, plus or minus, is shown, allowance can 
be made in the final consideration for the possibility of such an 
error existing in the cost figures used. 












CHAPTER XXXV 

PROBLEMS ON PRIMARY LINES 

In the following chapters a few of the most ordinary problems 
encountered on the distribution system, for which an economical 
solution is desirable, will be described. The general method 
used will be to indicate the problem, the factors invol'ved in its 
solution, the form of solution, and the method by which results 
may be exhibited. As far as possible complicated formulae and 
intricate mathematics will be avoided. These are often included 
in such work in the attempt to work out expressions for as nearly 
final solutions as possible, but as a rule they only tend to confuse 
the student and lead to error if each step in the development of 
equations and constants is not clearly understood. It is not 
feasible in this work to attempt to give specific, quantitative 
results, such as the actual wire size which is to be recommended 
for a given size of load. This might be very desirable if it coifid 
be done safely. The affecting conditions are so variable on 
different systems, however, that sizes which might be most 
economical in one case would not be so at all in others. Also, 
it is quite essential, when using any results of such a study, that 
the methods by which they were reached and the limiting factors 
involved are thoroughly understood. Otherwise, they may be 
employed under conditions to which they are not at all apphcable. 
There is grave danger of misunderstanding if actual cost figures 
and most economical solutions of specific problems are quoted m 
a work of this kind. For this reason, the methods of attacking 
the problems herein given are made as general as possible and it 
should be emphasized that any actual figures given in the com¬ 
putations or the graphs are for illustrative purposes only and are 
not to be quoted as of general application. 

The present chapter will be devoted to the problems which are 
chiefly concerned with primary lines, ^.6., lines from substations 
to distribution transformers. Naturally there are some cases 
in which both primary and secondary lines are involved, and also 
the substation itself must sometimes be included- These are 
merely somewhat more complicated types of problems to which 
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pimi1a.r principles and similar methods apply. Likewise, the 
instances here given do not by any means cover the whole field 
but are only more or less ifiustrative. 

The following questions will be discussed: 

Determination of the most economical wire size to carry a given load. 
Determination of the most economical load for a given Ime. 
Determmation of the most economical division of load among several 
hnes. 

Determination of the most economical voltage drop ovei a hne. 
Determmation of the most economical primary voltage. 


Source 

l/ne 

(a) Conccni-roited Load 

Loofo 

Loacf 

l^acf 

Source 

, - -- 

cb 

Loac/ 

(b) Dis+ribu+eol Load 
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(c)Uniformly Dis+nbu+ed Load-Volfotgc Drop 
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(d) Uniformly Dis+ribu+ed Looid-Rjvwer Loas 




- ^ - ^ -- »» 



(c> Uniformly Diefnbufed Load over fhriof Una 
Fxo. 376.—^AsBumptionB for distributed and concentrated loads. 


Concentrated Loads Assumed.—It will be assumed in most 
cases, for simplicity, that the loads to be handled can be comadered 
as concentrated, that is, that the line is to be designed for a single 
load at its end rather than for a distributed load scattered along 





PROBLEMS ON PRIMARY LINES 


665 


its leiagfch, Fig. 376 (a). This is the case with a power line feeding 
a single large load or a distribution feeder running from a sub¬ 
station to the feedmg point of a distribution circuit. There are 
many problems, of course, which involve a number of loads which 
are distributed along the hne. Fig. 376 (b). In such cases, if 
desired, the hne may be divided into sections between loads and 
each section considered individually with its proper load (the su m 
of all loads beyond that section). This method is apphcable where 
the loads are few and comparatively far apart Where the loads 
are many and small, however, it is likely to be more convenient 
to consider the load as uniformly distributed over the whole line 
or over part of it. In case this assumption is made, the principles 
stated in Chaps. X and XI should be kept in mind, t.e., 

(a) For uniformly distributed load, the voUage drop over the 
line, to the end of the line, is the same as it would be if the total 
load were concentrated at the midpoint. 

(b) For uniformly distributed loads the total energy loss in the 
line will be the same as it would be if the toted load were con¬ 
centrated at one-third the distance to the end of the hne. 

Figure 376 (c) illustrates the proper assumption for figuring 
voltage drop. Fig. 376 (d) that for figuring energy loss, and 
Fig. 376 («), the assumptions to be made when the uniform 
distribution is over only part of the line. 

Economical Wire Size for a Given Load.—It will be assumed 
that the voltage is estabhshed and the route for the line chosen. 
The problem is to discover what particular size of conductor is 
the most economical. The choice of sizes wiU, of course, be 
limited to sizes which will carry the load with a satisfactory 
amount of voltage regulation and also sizes which will be mechan¬ 
ically stroz^ enough under the conditions. 

The cost equation is as follows: 

Total annual cost = gi (cost of poles and fixtures) 

+ Si (cost of conductor in place) 

+ aimual cost of operation, inspection, etc. 
+ annual cost of energy losses over the 
line (144) 

where 

flTi, gt — percentage annual charges on the property indicated. 

Within certain lisnits, the cost of poles and fixtures can prob¬ 
ably be assumed to be practically constant. That is, for wire 
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sizes from No. 6 up to possibly No. 0, the same poles, insulators, 
fixtures, etc., would be used with perhaps only a small additional 
cost for guys as the wire size increases. For ]!arge sizes of wire, 
heavier supporting construction might become necessary, depend¬ 
ing on the size of conductor. In the first case, the cost of poles 
and fixtures might be considered as a constant 

(а) Cost of poles and fixtures ^ KJL. 

For the second case, part of the cost might be considered propor¬ 
tional to the wire size 

(б) Cost of poles and fixtures = -l- K^A, 

where 

A — cross-sectional area of conductor in circular mils. 

Kz, Kz *= constants determined by construction costs. 
h = length of line in feet. 



Fxa 377.—Cost of wxre. 


The cost of the conductor itself can usually be divided into two 
parts, one practically constant for all sizes and one directly pro¬ 
portional to the cross-sectional area. If weatherproof wire is 
used, the proportion of the total wei^t represented by the cover¬ 
ing will decrease with the size. The price per pound may also 
vary somewhat with size. If the total cost is plotted against 
size, as in Fig. 377, a straight line through all points can be 
approximated, whose equation is of the form. 

Cost of wire = (K* + KsA)L, 

where 

Kt, Kb — constants determined from the curve. 

Similarly, the labor cost of erecting the wire can usually also be 
represented by a constant factor, plus a factor proportional to size. 

Cost of erecting wire = (Kb + K-iA^h. 
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The cost of operation, inspection, etc. will usually be a constant 
cost, mdependent of conductor size and can be represented by 

Energy costs are proportional to the square of the current 
earned and the resistance of the circuit 


where 


I = 
I = 
R = 


Kw X 1,000 

E cos 6 

Kw X 1,000 

■v/3E cos 6 

pL 

—r-> 


for single-phase, 
for three-phase. 


1 — line current. 

Kw = load in kilowatts. 

E — circuit voltage, 
cos 6 = power factor. 

p = resistivity of conductor material in ohms 
per mil-foot. 

L — length of conductor from source to load. 


Load at peak load = J^R watts per conductor 

I^pL 


A X 1,000 


kilowatts per conductor. 


k» 




where load, conductor material, and 
length of line are fixed 


1,000 

The cost of energy losses may then be expressed asr 

k<Jj 

Annual cost of energy loss == + S65tCz), 


(145) 


= -^365«<73, (146) 

where 

Cl =» demand charge for losses per kilowatt. 

Ci = output charge for losses per kilowatt-hour. 

Cz = combined demand and output charge for losses per 
kilowatt-hour for this particular type of load (see 
Chap. XXXIII). 

t ** equivalent hours (see Chap. XXXIII). 
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The cost equation may therefore be -written as follows: 
Total annual cost = 4- + Qz^Ka + Kt^ 

+ JSTe 4“ KtA^Ij 4" kfXj 4“ z- 


It IS evident that this may be reduced to the form. 
Total annual cost = Y — 4- knA 4- 

where 


kiz — giKz 4" gi(JK.A 4“ 4* fcsj 

^11 == giJ^z 4" g^iKs 4 " jKt), 

Ai 2 ^ SbSfOsA/o# 



Kio. 378.—^Annual cost for any wire aiao. 


(147) 

(148) 


This equation may be plotted as indicated in Fig. 378 after the 
various constants have been evaluated. It should be noted that 
the length of hne enters only as a constant factor, not affecting 
the minimum size. The size for which the cost is a minimum may 
be determined by differentiation 



This solution is ^milar to that from which Kelvin’s law was 
derived as indicated in Chap- XXXIV, but it should be noted 
that fell may include some factors besides aij-nnu^.l charges on the 
conductor itself, such as part of the cost of poles and fixtures. 
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A number of variations of the above solution are possible. 
For example, where the study is more general, mcludmg the 
possibility of loads being of different characteristics as to size, 
power factor, load factor, or hours of use, the elements Kw 
(load), cos d (power factor), t (equivalent hours), and Cs (unit 
cost of energy loss), may become variables. In this case, the 
method 3 indicated in Chap. XXXIV may be used. A cost 
equation is written for each standard wire size, and these solved 
in pairs, giving equations in Kw/ooa as one variable and ids as the 



Goes 

Via 370.—Economical wire size for three-phase primary. 


other. (The latter may be considered as a single variable.) 
The graph for such a solution is indicated in Fig. 379, the lower 
curves being a graphical solution of Kw/co& 0, and the upper ones 
defining areas for which each size of wire is most economical. The 
values of tCa were obtained in ranges for large power, small 
power, and lighting. Such a chart is useful for rapid determina¬ 
tion of wire sizes in the field. 

Economical Load for a Given line.—In this case it is assumed 
that the line is built and it is desired to investigate what is the 
most economical load which it can carry. The general cost 
equation is th® same as in the problem above, i.e.. 
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Total annual cost = g-i (cost of poles and fixtures) 

4- flfs (cost of conductor in place) 

4- annual cost of operation, inspection, etc. 
4- annual cost of energy losses over the 
line. (160) 

In this problem, however, the variable quantity in the second 
member of the equation is the current, I, which is, of course, 
proportional to the load carried when the voltage and power 
factor are fixed 

7 3S for three-phase, etc. 

'\/3E cos 6 

The first term, cost of poles and fixtures, is a constant (giKi = 
Ai), the hne being already built. Similarly, the second term, 
cost of conductors in place, is a constant (g^Kz kz). The third 
term may also usually be considered a constant (kz). This 
leaves only one variable term, the cost of energy losses, which, 
of course, is proportional to the square of the current (/“) and 
hence also to the square of the load, it being assumed that the 
characteristic curve of the load is similar for all sizes of load, 
and the cost of energy losses Cs) therefore remains the same. 

I^R 

Annual cost of energy losses = j-^gg365iCit 

k^w^, 

where 

, _ 366 X l,0Q0BtCz 

“ SE^coa^e 

R being the resistance of one conductor from the source to the 
load. 

The cost equation, therefore, may be written, 

Total annual cost = Y = kx + kz + kz + ktKw* 

^kz + kJCw^ (161) 

(Asb = Ai 4“ fcs 4“ As). 

This equation may, of course, be plotted (with the constants 
properly evaluated), the graph being as indicated in Fig. 380. 
The comparative cost of carrying different loads can be clearly 
seen. If a solution for Toost economical load is desired, the equa¬ 
tion must be written in terms of cost per ktlowaU since, of course, 
the minimum value of Y is when Kw = 0. The line is considered 
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an operating unit, however, and the pertinent quantity is cost 
per kilowatt. 


Y _ hi 
Kw Kw 
Differentiating the latter equation, 

diY/Kvi) ^_^ 

dKw Kw^ 


Annual cost per kilowatt = = -=~ + k^Kw. 


+ A:4 = 0. 


(162) 



Looid in Kilowatts 


Fxg. 380, —Annual cost of line for various loads. 


(153) 


It is to be noted that ks in this case includes the cost of poles 
and fixtures, operation, and other similar constant costs. Herein 
the solution differs from that for economical wire size where only 
the a^ts proportional to wire size were included. Cost of right- 
of-way, if any, would affect this problem whereas it would not 
influence the economical wire size. It will also be evident that 
the most economical load for a line will usually be different from 
the load for which that Ime is most economical. This may seem 
contradictory, but it must be considered that, although a load 
may be the most economical one for a given line, the annual cost 
mi ght be still less if the conductor were of larger size. 
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Economical Division of Load among Several Lines.—It will 
be assumed that a large load is to be carried by several lines 
which may be of different lengths and different wire sizes It 
may be possible to effect a division of load among the several 
lines and it is desirable to know what division would be most 
economical. 

Referring to the solution for most economical load over a given 
line, it will be seen that the annual cost for any line may 
be written 


where 


Y — ks -{- keRKw^, 



(154) 


The values of the constants are as developed above. 
Consider two hnes, a and 5, 

Ra = resistance of conductors in hne a. 

Rb = resistance of conductor in Ime b. 

Let 

Kwa — the load carried by line a. 

KtVb — the load carried by line b. 
ka = ^6 ;i>s applied to line a. 
kb = kb^ applied to line b. 

Total load = Kw — Kwa + Kwb- 

Annual cost on line a — Ya = ha koRoKwa^. 

Annual cost on line b = Yb =‘ kb kiRbKwh^. 

Total annual cost of both 


= r = F„ + n = fca + {RaKWa^ + RbKWb^). 

Substitute for Kvib its equivalent (JTw — Kv>^, 

Y = ka +kb + kbiRJKwJ + Rb(Kw^ - 2KwKwa + 

The annual cost per kilowatt transmitted 


Y 

Kw 


ka kb 

Kw 


Hh kb 




2KWa " 1 “ 


KWa* 


)]• 


(165) 


Kw ‘ > Kw 

The most economical condition is when the total annual cost 
per kilowatt transmitted is a minimum. Differentiating with 
respect to the variable Kwa, 

diY/Kw) ^ \ 


Kwc 


Rb 

Ra "f” Rb 


Kw. 


(156) 
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Similarly, 

and 

KWaRa = Kwjth (158) 

It IS evident, therefore, that the most economicsal division of the 
load on the lines is such that the ratio between the loads is 
inversely proportional to their resistances. This same solution 
can be expanded to include more than two lines and the above 
rule can be made general for any number. 

For direct currents, the most economical division of load will 
take place naturally if the hnes are connected in parallel. For 
alternating currents, however, the inductances have an effect 
and natural division of current for such hues in parallel is such 
that the ratio of the current in any circuit to the total load cuirent 
is the same as the ratio of the admittance of that circuit to the 
combined equivalent admittances of all the circuits (see Chap. 
XIV). 

For example, for two circuits, one No. 0 and one No. 0000 
overhead, with the same length and spacing, the most economical 
division of a load would be 

33^ per cent to the No. 0 circuit, 

66^^ per cent to the No. 0000 circuit. 

The natural division would be 

44.4 per cent to the No. 0 circuit, 

66.6 per cent to the No. 0000 circuit. 

(The arithmetical sum of the two currents in the latter case is 
not 100 per cent since the two are slightly out of phase with each 
other.) 

An interesting example of a comparison of costs between two 
lines is shown in Fig. 360. The total annual cost of losses is 
reduced to terms of the ratio between the loads on the two hnes 
{Kwa/Kvik) for the particular load in question. 

Annual cost of losses = + RbKwb^) 

= < 159 ) 


where 


m 


KWa 
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The actual savings in dollars for the proper division is clearly- 
indicated, especially the appreciably smaller cost of using the 
most economical division as compared with allowmg the larger 
hne to carry the whole load, the smaller bemg held in reserve 
iKtOb/Kwa = 0 ). 

Economical Voltage Drop.—As far as a particular primary 
circuit IS concerned, without regard to other parts of the sys-tem, 
the most economical voltage drop is that occasioned with the 
most economical size of conductor, or if the conductor size is 
fixed, it IS that caused by the most economical load. It has been 
shown how these are determined. 

Where the amoimt of voltage regulation between the source and 
the load is limited, however, other elements may enter the prob¬ 
lem. For example, suppose the voltage drop with the most 
economical size of conductor is more than would be allowable 
for the requirements of the service. There may be the altema- 
-tive of using a larger conductor or of installing a regulator at 
-the source (subs-tation) to take care of part of the regulation. The 
problem in this case becomes one of making a definite comparison 
of two or more alternatives rather than of determining a spiecific 
most economical condition, since regulator sizes are not of infini-te 
variety but come in definite steps, such as for 5 per cent, 7^ per 
cent, 10 per cent regulation, etc. The solution, then, will con¬ 
sist of determining what size of conductor will give satisfactory 
regulation with each size of regulator assumed and comparing 
-total annual costs for each of such alternatives considered. The 
cost equation, ne^ecting constant quantities such as pole costs, 
will be of the form. 

Annual cost = gi (cost of 5 per cent regulator installed) 

+ g% (cost of space occupied by regulator) 

+ amixial cost of energy losses in 5 per cent regulator 
+ g<, (cost of conductor sui-table for use with 5 per 
cent regulator, installed) 

-|- annual cost of energy losses on this conduc¬ 
tor- (160) 

Such an equa-fion will be written for each size of r^ulator and 
also for the conductor which would be satisfactory -without a 
regulator. A direct comparison will indicate the economical 
design. Naturally, it will not be necessary to include any steps 
(regulator sizes) for which the corresponding conductor -will bo 
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smSiUcr 'tliSiU 'tbs size wbicli is computsd SiS mosij scononiicsil witb- 
out regard to regulation. 

Another factor 'whicb may enter tbe problem of economical 
voltage drop when tbe allowable regulation to tbe customer is 
limited, is tbe consideration of distribution transformer drop and 
secondary drop. This question involves tbe study of tbe eco¬ 
nomics of secondaries which will be considered in the next chapter. 
In general, the method of attack would be to determine tbe 
annual cost in terms of per cent voltage drop on both primary 
and secondary system and by comparison to endeavor to arrive 
at the best relation between the two. In studying voltage drop 
it will be convenient to refer to the relation, 

per cent voltage drop = B X per cent power loss, 

where 

B — & semi-constant, as was explained in Chap. X. 

By this means the per cent voltage drop may be mtroduced into 
the equation in place of the terms involving power loss. 

Still another factor which should be mentioned in connection 
with voltage drop is the possible loss of revenue if the voltage at 
the customer is below what it might be practicable to use. For 
motor loads, this will not be appreciable in most cases, since the 
power is approximately proportional to voltage times current 
and if voltage is raised, current consumption is lowered, the kilo¬ 
watt-hours being about the same. For lighting load, however, a 
rise in voltage is accompanied by an increase in current, the 
increase being approximately in proportion to the square root 
of the voltage. The wattage therefore is approximately pro¬ 
portional to i?*-* (see Chap. IV). A 1 per cent increase in volt¬ 
age at the customer’s lamps would therefore result in an increase 
of approximatdiy per cent in the load in watts. This is 
not ledected in the same percentage in the total consumption 
in kilowatt-hours, however, when the rise in voltage is obtained 
by a reduction in voltage drop over the distribution lines, since 
the voltage at light loads (near no load) would be nearly the same 
r^;axdle8s of the line drop at maximum load, and drops for inter¬ 
mediate loads would be proportional. Senoe a per cent 
increase in load at maximum load, i.e,, time of maximum voltage 
drop, would be reduced to % per cent at half load, etc. The net 
effect, therefore, depends on the shape of the load curve. A con¬ 
venient way of looking at the situation may be to assume the 

* 
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energy losses over the line as energy which might be sold if there 
were no loss and no voltage drop, since per cent power loss 
and per cent of voltage drop are very nearly equal for lighting 
load. A 1 per cent power loss means a voltage drop of the 
order of 1 per cent and a corresponding decrease m wattage 
at lamps of per cent. The same relation holds true all 
through the load curve, so that the per cent power loss could 
be replaced by tunes as great an increase in consumption 
This increase would earn a return equal to the amount which 
would be paid for it by the customer, less any incidental expenses 
occasioned by it as an increase in load. Therefore, it might be 
assumed, on this theory, that the cost of lost revenue would be 
properly included, if energy losses were charged at one and one- 
half times the net return received for energy sold. 

This assumption can be qualified by several affecting factors. 
If the load is distributed over the line, the net average effect of 
reduced voltage drop will be less, being only one-half as much for 
uniformly distributed load (such as might be the case with the 
load on a secondary). The increase in load indicated is only 
true of lamp load and even for that may not always be gained. If 
the load is considered from the standpoint of illumination, the 
h^her the voltage, the greater the wattage per lamp, but also 
the greater the Illumination and hence perhaps the less number 
of lamps used. For large loads, especially, it is likely that the 
amount of illummation would be considered. Heating devices 
such as electric stoves, toasters, etc. will not be greatly affected, 
since their consumption is based on the amount of heat required, 
which will be very nearly proportional to the watts used regard¬ 
less of the voltage. With primary lines feeding lighting distri¬ 
bution, the voltage at the secondaries near the transformers may 
be held at about as high a level as is practicable, by use of regulsr- 
tors, and hence, a change in voltage drop in the primary line 
affects only the use of the regulator and not the customer’s volt¬ 
age. It is well to recognize that a certain Itws of revenue is 
experienced when the service voltage is below the practi<»i.ble 
maximum, specially when the voltage is appreciably low, and 
in certain problems the effect should be included in the cost oomr 
putarions. In most cases, however, the net effect is either small or 
not present at all and serious error is not incurred by ne^ecth 3 g it. 

Economical Ptimary Voltage.—^In choosing the most advanta¬ 
geous primary voltage for a line or a i^rstem, there are several 
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factors which must be considered besides the mere cost of lines 
and equipment, but which are part of the economic problem 
The range of possible voltages is not unhnaited. A voltage should 
be used which corresponds to the standard voltages which have 
been generally accepted (see Chap. VI), unless there is some very 
good reason for a different choice. Local governmental regula¬ 
tions may limit the voltage. Safety of employees and the pubhc, 
ability to work the hnes hot, reliability of service, etc., are all 
important considerations which directly or indirectly affect the 
cost of the system or its operation. The voltages used elsewhere 
on the system, the present voltage of the line or system, if it is 
an old one which is to be changed, and the facihty for later 
changes if the load increases to such an extent that they become 
necessary, have a bearing on the economy and practicability of 
any voltage to be used. These matters should all be given due 
consideration in the final decision and, as far as possible, be 
included in the definite cost comparisons made. 

The fact that standard voltages are in steps, i.e., 2,300, 4,600, 
6,600 volts, etc., indicates that the problem is one of comparing 
the cost for any one condition with that for the others, rather 
than attempting to determine a theoretically most economical 
voltage. A general cost equation may be written for each voltage 
step as follows: 

Total annual cost » gi (those costs pertaining to substation 

structures and equipment which are pro¬ 
portional to the voltage) 

+ annual costs of energy losses in substation 
equipment which vary with the voltage 
•4- gi (cost of primary lines in place) 

-4- annusJ cost of energy losses on primary lines 
+ gz (cost of distribution transformers in 
place) 

-f- annual cost of core losses on distribution 
transformers 

+ an nual cost of copper losses on distribution 
transformers. (161) 

The costs of substation structures and equipment must be 
included in the problem, since there are several items which may 
be considerably affected by the volt^e, such as transformers, 
circuit breakers, regulators, buses, cables, and other equipment 
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and, to some extent possibly, the substation structure itself. 
Likewise, the most economical distance between substations, and 
hence the number of substations on the system, is a function of 
the distribution voltage used. It is evident, therefore, that a 
preliminary determination of loads and load densities to be 
assumed, and distances between substations for each voltage is 
essential to a problem when system voltage is bemg considered. 
The latter factor, spacing between substations, is, of course, 
also subject to economic determination and may become part of 
the problem, but an approximation is helpful as a starting point. 

The costs of energy losses in substation equipment are easily 
determinable for any assumed type of loading. The unit cost 
of energy losses at the substation will, of course, be somewhat less 
than on the lines. 

The cost of primary lines in place includes a consideration of 
conductor size. This depends on the voltage since, for a given 
load, the line current will be inversely proportional to the voltage 
used. It will probably be necessary to make a study of the most 
economical size of conductor for each different voltage which is 
being considered in the problem, giving due weight to the effect 
on total cost of the comparative costs of wire and regulators. At 
this point, also, some further determination of the most economi¬ 
cal spacing between substations may be made, since the allow¬ 
able voltage drop, wire size, and regulator size are all factom in 
that question. Two other elements in the cost of the primary 
lines, which are affected by the voltage, are the cost of insulators 
and the amount of pole space required as determined by the 
necessary clearances. The cost of energy losses on the primary 
lin^ will, of course, be determinable for each voltage after the 
proper wire size and length have been decided. 

The cost of distribution transformers will be more or less in 
proportion to the primary voltage used. In Fig. 62, Chap. VI, 
was given an indication of the relative costs of distribution trans¬ 
formers at different voltages. The losses on such transformers 
are obtainable from the manufacturers. Table VI, Chap. IX, 
shows typical core smd copper losses for one line of transformers. 

In a study of primary voltage for a system, an increase in 
load must be anticipated and the design should be such as to be 
most economical, not only for present load or for load at some 
time in the future, 6 or 10 years perhaps, but also for the total 
period. In order to study the economy for changing load it is 
convenient to set up the cost equation in terms of load density. 
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This factor will enter into most of the factors given in the general 
cost equation- Losses are proportional to the square of the load 
on a given line, transformer investment increases with the total 
load, etc. If the cost equations are reduced to a series of equa¬ 
tions for annual cost in terms of load density, these may be plotted 
and the comparison of economy as the load increases is evident. 
Figure 381 shows some typical curves plotted as the result of 
such a study. In most actual cases, where the most economical 
primary voltage is being studied, the question is one of revising 



Load Density 

Fia, 381.—Economical study of system voltage. 


an old system to one of higher voltage rather than of building a 
new system. The method indicated above applies equally well 
to such a problem with the exception that the annual costs on 
structures and equipment must be taken as the annual costs on 
the investment necessary to change old lines and equipment so that 
they will be suitable for the proposed new voltage. In figuring 
annual costs of such work on old materials, consideration must 
be given to the remaining life of any structure. That hfe is more 
or less limited by the age and condition of the old material and 
governs, to some extent, the annual charge for depreciation on 
both old and new materials so combined. The costs will also 
include a consideration for the unused life of any material which 
must be removed and salvaged, since a certain loss is incurred in 
so doing. 






CHAPTER XXXVI 


PROBLEMS ON SECONDARIES 

The economical design of secondaries is equally as important a 
problem as that of the economical design of primary lines. In 
general distribution, the secondary system probably represents 
fully as large an investment as the primary and the losses incurred 
therein are of much the same order. It is therefore evident that a 
careful study to establish, as far as possible, most economical 
conditions is well warranted. 

The questions to be considered are for the most part those 
concerning the proper wire size to serve a given load, the proper 
voltage regulation, the size of transformers to be used, and the 
best spacing to allow between them (where there is any choice 
in the matter). Such problems are often somewhat complicated 
by the fact that both the costs relating to the transformers and 
those relatmg to the conductors affect the solution and are more 
or less interrelated. Where the secondary is continuous and 
transformers may be spaced practically at any distance desired, 
the most economical voltage drop, size of conductor, spacing of 
transformers, and size of transformers are all variables which 
must be taken into account in all their possible combinations 
for a complete solution. Of course, there are also simpler prob¬ 
lems in which some of these quantities are fixed and, even in the 
problem indicated above, there are certain limitations which fix 
some of these to some extent. In the following discussion, for 
simplicity, the type of secondary whose length is fixed will be first 
discussed. Then the more intricate question of the continuous 
secondary wiU be taken up and the method of solution indicated. 

In these problems the load will be considered as uniformly 
distributed along the secondary. This is a reasonable assump¬ 
tion for the majority of conditions where lighting load or general 
Idling and small power loads are concerned, although of course 
it is never strictly true. Concentrated loads of more than the 
average size are often encountered and these must be given 
special consideration. For the general case, however, the assump- 
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tion of uniform distribution is suflBLciently accurate. For further 
discussion of this question see Chap. III. The load for uniformly 
distributed loading is expressed as load density m kilowatts per 
1,000 ft. 

Secondary of Fixed Leng^.—Under certain conditions, the 
length of secondary fed by any transformer is fixed, either by 
geographical conditions or by the t 3 rpe of secondary design used, 
such as that in which each city block is fed by an isolated second¬ 
ary with the transformer at the middle of the block. The 
problem is to determine the most economical size of secondary 
conductor. The degree of loading which is economical for the 
transformer might also be questioned, i.e., whether it is preferable 
to have the load on the transformer less than its rated capacity, 
equal to it, or greater than that rating. This phase of the sub¬ 
ject will be taken up first. 

Economical Transformer Loading.—The general cost equation 
for a distribution transformer may be written as follows: 

Total annual cost = gi (cost of transformer in place) 

-1- annual cost of core loss 
+ annual cost of copper loss. (162) 

The first two terms are constant for the conditions of this problem, 
for a given transformer size the cost of the transformer, of 
its installation, and also of its core loss are aU fixed, regardless of 
the load. The copper loss will vary with the load: 

Copper loss =» PB, 

where 

I «=s the load current on the secondary = ^^^os 

for sin^e-phase. 

Kw = the load in kilowatts. 

R » the equivalent resistance of the transformer referred to 
the secondary side. (See Chap. IX.) 

The ann ual cost of copper loss, therefore, is 

Jr*B 

annual cost of copper loss = Jlgoo ^ 

kz =* transformer. 

t *= equivalent hours. 

Ct = cost of copper loss per kilowatt-hour. 

Total annual cost = F == fci 4- fca 4- kzKw^ 


(163) 
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kx = annual charges on cost of transformer and 
installation. 

*2 = annual cost of core losses. 

It should be noted that the unit cost of core loss will be different 
from that used for copper loss since it is a continuous load. 

Annual cost of core loss = -TOOO-^ X 24 X C 4 , 

where 

Ci = unit cost of 100 per cent-load factor energy. 


The most economical load is obtained by writmg the equation 
in terms of cost per kilowatt and differentiating. 

^ “ -mr- + 

d{Y/Kw) _ fci + A :2 , ^ 

dKw ~ Kw^ + /fca - o. 


-j- kz — 0. 




for least cost per kilowatt. (164) 


It is apparent from the above that the most economical load 
is that for which the annual cost of copper loss is equal to the 
annual charges on transformer and installation, plus annual cost 
of core losses. This may be modified somewhat by the practical 
consideration that, if the load is larger than a certain reasonable 
hmit, the transformer will be damaged and its life shortened to 
less than may have been assumed in computing its annual charges. 
In most cases it will probably be found th^t the theoretically 
economical load is considerably in excess of the load which it is 
practicable to carry on the transformer from the standpoint of 
safe operalfon and of allowable regulation. 

Ecmiomical Conductor Size.—^The determination of the most 
economical size of conductor in this case is very similar to that 
for most economical primary conductors given in Chap. XXXV. 
The length of the secondary has been assumed to be fixed, with 
the transformer located at its midpoint feeding both ways, 
see Fig. 382. The load is determined by the load density 
assumed. The problem theirefore resolves itself into one of 
deter mining the most economical size of conductor for a given 
load at a given distance. It will be assumed that the poles and 
fixtures will cost the same for any size of secondary and their 
cost will be omitted from the solution. 
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The general cost equation may be written, 

Total annual cost = g\ (cost of conductors in place) 

+ annual cost of losses. (166) 

If the cost of the conductors in place may be assumed to be 
represented approximately by a constant amount plus an amount 
proportional to the size of conductor, the cost may be written. 


and 

where 


cost of conductors in place = (JCi + KiA)S 
annual cost on conductors = (Ai + fcsiA)S, 
S = total length of secondary 


Primary 


Transformar 

Sacon^r 


I oeconaaty 

4 U i U U'U Ji ill A 


Fia. 382,—Secondary of fixed length. 


and Ki and Ka are constants determined by plotting cost of wire 
and its erection against wire size, 

ki~ giKi', kz - giKa. 

It must be remembered in dealing with single-phase secondaries 
that the third or neutral wire must be included in the cost of 
conductors, while it does not appear in the cost of losses if the 
load is assumed to be balanced normally. It is probably better 
in this case to include all three wires in the cost of conductors 
(Ki + JiCid.) and the complete circuit (twice the length one 
way) in computing losses. 

The cost of losses is, of course, proportional to I^R. If 

Lb = the load density in kilowatts per 1,000 ft. 

S = the total length of secondary in feet, 

the total load on the transformer == 

For this problem, however, the length of secondary is divided 
into two parts, one each way from the transformer, of length 
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L S 

iS/2, and load 2'^o6’ uniformly distributed load the loss 

is equal to what it would be if the load were all concentrated at 
one-third the distance. 

Hence, 


V 1 000 

2,000 ^ ^ 

E cos $ 


2E cos 6 



p — resistivity of conductor material. 

R =* resistance of circuit whose length is twice one-third of the 
total length S/2. 

r,:o _ pS 

^ ~ 4^* cos* e 3A' 

TSD 

Annual cost of losses = 2 ^ X ZQStCt 


- 2 X 366; 


pLj/^SHCz 


3 X 4 X 1,OOOA£* cos* e 


The factor 2 is introduced to include total losses on the second¬ 
ary both sides of the transformer. If 

, 2 X Z&ZptCa 

12 X cos* e 


(k^ is used to correspond with the EamUar 
following problem.) 

Tjn*S* 

Annual cost of losses =»■ ^b-~j—• 
Total annual cost = F *= (/fci •+• k%A)8 ■+ 


i^janbol in the 






(166) 

(167) 


The quantities 8 and Ld are constant for any given problem, 
but are introduced in the final equation so that it may more 
easily be applied to a variety of similar problems. 

To determine a mini mum value, the above equation may be 
differentiated. 


iK. 

dA 


= kiS 


ks 




A* 


a 



A 


(168) 
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It IS a«ii easy matter with the above equations, if the constants 
are evaluated, to determine the most economical wire size for any 
given value of load density and length of secondary, and also the 
comparative annual costs for that size of conductor and any other 
sizes which might be considered 

It will probably be found, as a rule, that the most economical 
combination of transformer and conductor size is where the most 
economical wire size is used with the most economical transformer 
size, which transformer size will usually be a size just large enough 
to carry the load. 

The above study takes no account of allowable voltage regula¬ 
tion. There will usually be a practical minirmim limit on wire 
size imposed by the necessity for keeping voltage regulation 
within prescribed limits. It was shown in Chap X how the sub¬ 
station regulator may be used to overcome part of the voltage 
drop on the system but the remainder must be taken into account 
in designing the secondary lines. The allowable regulation may, 
for example, be assumed to represent the difference in service 
voltage between a customer near a hghtly loaded transformer 
at the feeding point of the circuit, see Fig. 110, and a customer 
at the end of a heavily loaded transformer farthest from the feed¬ 
ing point. The allowable voltage drop must then be divided 
between the primary line from feeding point to farthest trans¬ 
former, the transformer, and the secondary. It is conceivable, of 
course, that the economical portion to be assigned to the trans¬ 
former might in some cases be less than that produced by its 
maximum rated load, letting more of the drop occur in the 
secondary. 

A study of economical division of drop may be made by com¬ 
puting the voltage drop per kilowatt load in transformer, second¬ 
ary, and primary, and comparing that with the annual cost per 
kilowatt, assuming various possible conditions. It will probably 
be found in most cases that a satisfactory condition is reached 
with the traiosformer loaded to its full-rated load or slightly 
more (for residence-lighting load), and with the voltage drop on 
the secondary equal to the difference between the drop in the 
transformer thus loaded and the maximum regulation which is 
considered practicable, allowing whatever is necessary for the 
primary drop. This will possibly be in the neighborhood of 
per cent from transformer to farthest customer’s service pole. 
It will also often be the case that the most econonucal wire size. 
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found by a theoretical study, such as outlined above, will be too 
small for the practicable hmits imposed on voltage drop. 

Another factor which must be considered in choosing a size 
for the secondary (and also for the transformer m some oases) is 
that voltage drops caused by startmg currents of motors con¬ 
nected to the line should be kept below objectionable values. 
These dips may in some instances be the governing condition 
which determines the sizes necessary. 

Where increasmg load is assumed, the cost over a period of 
years should be considered. There will often be presented the 
alternatives of putting in a size of wire which will be sufELcient 
for perhaps 5 or 6 years to come and then changing it to one which 
will be sufiRcient for another 5 years, or of putting in the larger 
size to begin with. The costs may be compared by adding up 
total annual costs for each size for the first 5-year period, taking 
due account of the difference in losses and the increasing amount 
of loss from year to year. The cost of changing sizes at the end 
of that time will indicate the economy of one size or the other. In 
the cost of changing sizes must be included not only the labor 
cost but also the loss in value of the wire taken down, which has 
not lived out its useful life. Also consideration must be taken 
of the fact that the old wrire is replaced with new wire which has 
a greater life at the time than the same wire would have had if 
put up originally. 

Transformer Spacing Variable.—Where the type of general 
design used allows the transformers to be placed along the second- 



Fig, 383p—S econdary continuouB. 


ary wherever desired (within the limits of practicability) the deter¬ 
mination of most economical conditions involves considerably 
more study than the problem outlined above (see Fig. S83), 
There are several variables. The ratio of transformer si 2 ;e to 
the load earned may be varied. The distance apart or spacing 
of transformers may vary and the load on each transformer will 
be determined by the spacing and the load density assumed. 
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Conductor size is a> variiLble a<nd the economical size will depend 
to some extent on the spacmg of transformers. An almost 
infinite variety of combmations of these variables is possible and 
a great deal of time may be spent on attempting to arrive at a 
complete solution of the problem It will usually be found con¬ 
venient to make assumptions which will simplify the variety 
of different conditions which must be considered, and proceed 
to study the problem on that basis. Then, when certain con¬ 
clusions have been reached, the effect of varying the original 
assumptions may be taken up. 

For example, it may be assumed that the transformers may be 
made any size, standard or otherwise, which might seem theoreti¬ 
cally desirable, that the most economical use of transformers 
calls for them to be loaded as much as is practicably possible 
and that they may be spaced at the exact distance desired. After 
the study has been made on this basis, the effect of using standard 
sizes of transformers and possible practicable spaemgs may be 
introduced. 

A statement of the general cost equation and the elements 
included in its terms may be helpful in clanfjdng the problem. 

Assume the cost of poles and fixtures does not enter the problem. 

Total annual cost = g\ (cost of conductor in place) 

+ annual cost of losses on conductor 
+ g 2 (cost of transformers in place) 

-f- aimual cost of core loss in transformers 
+ annual cost of copper loss in transfor¬ 
mers. (169) 

Figure 384 indicates the variation of costs of T.B.W.P. wire and 
its erection as plotted for a problem of this kind. It has been 
assumed in previous problems that the annual costs on the wire 
followed a straight line. It will be seen that this is not strictly 
true, but the straight line is not far in error as an approximation. 
The more accurate costs can be introduced into the problem later 
if desired. If the straight line is assumed, the cost for conductor 
for a length of secondary iS can be expressed as: 

Oc^ of conductor in place = KzA)S. 

Annual cost of conductor in place 

= giKi -1- K^)8 « (fci + k^)S. 

(A * crofiB-sectional area of conductor in circular mils) 




Wir« Size <Copp«;T.B.W.Rjl 


Fig. 384.' Wire costs per 1,000 ft. Three wire secondary; neutral smeller than 
outsides for sizes above No. 2. 


^ The cost of lo^es on the conductor will depend on the load den- 
It will be assumed for simplicity that the transformers 
are of uniform size and uniformly spaced. 


Annual Charge, at 15% 
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Let 

S = the spacing between transformers in feet. 

I = the total load current on a transformer. 

Li, = the load density of the uniformly distributed load in 
kilowatts per 1,000 ft. 

p = resistivity of conductor material in ohms per mil-foot. 
t — equivalent hours per day for copper loss. 

Ca = cost per kilowatt-hour for copper loss. 

C 4 = cost per kilowatt-hour for core loss. 

T — trasQsformer size in kv-a. 

T' — load on transformer in kilowatts. 


The total load on a transformer is 

Transformer load in kilowatts = T' 


S 


^ 1,000 


The transformer current = J = ^99^? = 

E cos 9 E cos 9 


The current flowing each way from a transformer serves the 
load on a length of secondary of S/2 ft, i.e., half way to the next 
transformer. The line current therefore is 1/2. 

r 

2 2E cos 6 


The power loss due to this current is 


=» I'* 


2p^ 


=3 / LoS \p8 

“ \2E cos 9 ) 3A 

_ p Ld^S* 

““ 12J^* cos* 9 A 


watts. 


The equivalent length for computing power, loss for uniformly 
distributed load is one-third the total length, which lei^th in this 
case is S/2. 

For single-phase load the total loss is figured over twice the 
equivalent length or 2 X ^ X S/2 = 5^/3. 
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The above loss is that occiirring one way from the transformer. 
For the total loss for the secondary fed by one transformer, that 
is, the loss over a length S, thus must be multiplied by 2. 


Total line loss for length S = 


_^_ 

12 E^ cos® 9 A 

_ p_ _ 

6j&® cos® 9 A 


watts 


= k 




kilowatts 


(170) 


where 


&5 


6,000.&* cos® 9 


which is constant 


for a given voltage, power factor, and conductor material. For 
example, with copper wire, 230-volt secondaries, and power 
factor at 95 per cent, 

j _ 10.8 . _ 3.78 

* 6,000 X 230® X .95® 10® * 

It is often convenient to use the loss m terms of loss per unit 
length, such as iier foot. This may be obtained by dividing the 
above equation by S, the length of the secondary in feet. 

Ln^S^ 

Total line loss per foot = fcg—^' 
or 

Total line loss per 1,000 ft. = l,0O0A;a -^~* kilowatts. (171) 


It will be noticed that since LoS/lfiOO is equal to the total 
load on the transformer m kilowatts (JT') the latter expression 
may be written. 

Total line loss per 1,000 ft. — l,000fc>— 

rr'z 

lO®**^- (172) 

It is evident, therefore, that the totsd line lews® per 1,000 ft. of 
secondary is directly proportional to the square of the load on the 
transformer, and is otherwise independent of the length of 
secondary and load density except as the transformer load Is 
governed by these factors. 
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The expression may also be written in terms of transformer 
current, 

Total line loss per 1,000 ft. = 10»fc4y (173) 

where 

ki = kzE^ cos* B = a -Khn (see above). 
o,uuu 

The power loss may also be given m percentage of load earned. 
This is obtained from the above expression by dividing by T'. 

T' 

Total line loss per 1,000 ft. of secondary = lO^fcs^ X 100 
T' 

= per cent of the transformer load. (174) 


(This is not in percentage of the load per 1,000 ft. which must be 
obtained by dividing by Ld rather than T'.) 

The a nnual cost of energy losses may be obtained from the 
above expression by multiplying the loss in kilowatts by the 
number of equivalent hours of duration per year and the umt 


cost per kilowatt-hour. 

Annual cost of energy losses for length S == k 




A 


365«C* 



where 


ki kz 365 ^ 03 " 


For tXKsmple, if t >= 2.5 hr. per day and Ct — 0.016 per kilowatt-hour, 
kt bdng the value computed previously, 

ft, - = 365 X 2.5 X 0.015 = = 6.17 X 10-» 

J7/2 

Annual cost of energy losses per 1,000 ft. — lO'fts-^SCSfCa 

rpf2 

= 10»ft5^ (176) 

The voUage drop on the secondary from the transformer to the 
point of lowest voltage (midway between transformers) may be 
computed from the power loss. It will be remembered that the 
voltage drop to the end of the line for uniformly distributed load 
is the same as it would be for a concentrated load at one-half the 
distance. Hence in figuring voltage drop forom pwer loss by the 
formula V = BP, the power loss must be figured at one-half 
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the distance instead of one-third as was used above for figuring 
actual power loss. That is, 

V = BP' 

where 

P' = l.SP. 

P = actual i>er cent power loss. 



The per cent power loss for one-half the secondary (5/2) may 
be written, 

1 

2 ~~Ar~ LdS/2^ ^ 


P — zl 


1(X) 


10»ft 




The per cent voltage drop therefore naay be expressed as 
V - BP' = 1.6 X 


( 177 ) 
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J3 is a semi-constant as was explained in Chap. X. For a 
comparatively small range of values of P or V, however, the value 
of B can be approximated by a straight line of the equation 

B — fcg -|- JcfA 

as is indicated on Fig. 386. The above expression for percentage 
of voltage drop would then become 

+ (178) 

The cost of ^ansformers in place will, of course, vary with the 
size used. It will be found that if the cost of the transformer is 
plotted against the size in kv-a., the resulting curve will approx¬ 
imate quite closely a straight Ime of the form. 

Cost of transformer in place — K, + Kt T 
or 

Annual charges on transformer in place — k, kt T. 

The core loss will be practically constant throughout the year 
and the annual cost of that loss will be. 

Annual cost of core loss = core watts ^ X 24 X (74. 

This also will approximate a straight-line curve when plotted 
against transformer size. 

Copper loss = PRt watts, 

where Rt ■= the equivalent resistance of the transformer referred 
to the secondary side. 

/ajj 

Annual cost of copper losses = 

Figure 386 shows the three component costs of a transformer 
plotted a^nst transformer size, the copper loss being figured for 
full load. The total cost or the sum of the three approximates 
very closely a straight line and may be expressed. 

Total annual changes on transformer = fcs + k^T. (179) 

The various factors entering into the annual cost of the 
secondary system have been discussed in some detail as it is 
believed that if these components are thoroughly understood 
with the quantities to which they are proportional, their combina¬ 
tion in studies of economical conditions can be more easily made. 
Single-phase secondaries have been assumed but the expressions 


F = 1.5 X lO^fcsf 
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given can be sinularly developed for three-phase by keeping in 
rmnH the differences in methods of figurmg power losses, voltage 
drops, etc. 



Fia. 386.—Transforzaer costs—Sing^e-phaao transfoniaom. 


The general equation of annual cost for a transformer and its 
secondary of length /S can be written in the form, 

Total annual cost = F = (fci -f- 'kiA)8 

-f- Tcs -f- IciT^ 


(180) 
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In terms of unit length (1,000 ft ) this may be written, 

Y 1,000= -f AjaA -h + - - y°^ ^l,000. (181) 

The general expression for total a.nnnn.T cost of a secondary is 
subject to further development in various ways in order to deter¬ 
mine the details of design. In the form given above there are 
four variables m the second member which make it hard to study 
unless further simplification is made. One such method is 
indicated below. 

In equation 181 the quantity T is the size of the transformer in 
kv-a. The load on the transformer in kilowatts (IT") is equal to 
the load density times the transformer spacing, LdS If it is 
assumed that the most economical load on a transformer is the 
maximum load which it can carry with safety and due regard to 
voltage regulation, and if atypical percentage of loading for trans¬ 
formers is adopted, such as 80, or 100, or 115 per cent, the cost of 
the transformer may be expressed in terms of T' by a proper 
change in the constants. 

Annual cost of transformer = ^lo + kuT'. 

Since T' — LoS, the annual cost equation becomes 

Fi.000 = (ki + fcsA 4- - ^1,000. (182) 

Most Economical Voltage Drop.—^Up to this point no limit 
on the length of the secondary has been imposed except that due 
to the capacity of the transformer. The cost would be figured 
for any size of wire, any load density and any transformer spadng 
(and hence any transformer size). Practically, the voltage drop 
must be limited to some maximum amount which is consistent 
with the allowable regulation at the customer. As a rule this 
will be somewhere between 2 and 3 per cent. It is subject 
to some economical determination in connection with considera¬ 
tion of economy of primary drops, etc., as was explained before, 
but for the purposes of this problem it will be assumed to be fixed 
at say per cent. The most economical voltage drop may be 
determined and, if this is greater than the limit set, the limit rather 
than the most economical drop must govern the transformer 
spacing. 

It has been shown that, 

The per cent voltage drop = F = 1.5 X • 
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Therefore, 




-4~t. 


VA 


5 X lO^kzBLo 


If this is substituted in the equation for annual cost, the latter 
becomes, 

yi.ooo = ^A;i + fcsA + 1.6 X lO^ksBLo 

. k 




fciiZ/j[>\ 1,000 

VA I 

5 Xl0»fc3-Bi/z> / 


( 


~ l “f“ k^A + Ajfi 


LoV 


1.5 X lO'ftsB 


Vl .5 X l6*^a.g VlZ 

VaVv 


+ fcio---- vt? ^ — + ifciil/d)l,000. (183) 


The equation involves quite a number of terms but it may be 
seen that the second member contains only three variables, A, 
V, and Lo, B being a function of A, and that each of these enters 
in a simple power or root. The most economical voltage drop 
may be obtained by differentiating with respect to V, considering 
the other variables as constants for the purpose. 


dFi. 


ooo 


dV 




6 X XO^kzB 


F“^^1,0 00 ‘ 


Solving for V, 

_ 1(1.5 X 10*fc»5)« 
~ 2 k^{ALj,)^ ' 

Tr _ 1-g X 10«fc,Jg 


(184) 


With the constants properly evaluated, the most economical 
voltage drop may be plotted in terms of Lo for each specific size 
of wire considered (5 = Jfc# -f- ktA). Figure 387 indicates the 
type of graph obtained. From this it nuiy be determined for 
what load densities, if any, the length of secondary may be 
governed by the economical voltage drop. It will probably 
quite often ^ fotmd that the economical drop is greater than that 
practicably allowable and that the length of secondary S will 
be limited by the maximum drop which is assumed. It is well 
to make a study of the economical drop, however, as in some 
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caiS6S it will be found, to be less than the practicable limit and a 
saving will result from its use. 

If the value of V to be used is that computed as most eco¬ 
nomical, the expression for most economical voltage drop may be 
equated to the general expression for V. 

V _ 1 R 1.5 X lO^ksB 

V -1.5 X 10 ksB ^ 

Then the corresponding most economical spacing of transformers 


A 


(185) 



Uoad panelty in Kw par 1000 Ft. 

Fxo, 387.—Most aconozmoal voltage drop 

I£ the value of V is limited to some constant value such as vi, 
F = 1.5 X — Vi. 

The spa<^z]^ of transfonners for this voltage drop is then, 

^ “ "v/i-s xWk,Br„ " 




5 X 10*fc*' 


where 
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If 


»i = 2^ per cent for example, and kz 
S = 


2.5A 


1.5 X 106 X 




3.78 

10 «' 



^o. 388.—“Transformer spring for per cent voltage drop. 


These expressions may be studied by plotting S in terms of La 
for each size of conductor. 
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Figure 388 shows the graph for transformer spacing governed 
by per cent maximum voltage drop. 

Most Economical Conductor Size.—^The most economical spac¬ 
ing between transformers and the practicable maximum spacing 
have been developed above in terms of load density and wire 
size, assuming that the transformer wiU be just lai^e enough to 
carry the load. If these values of 8 are substituted m the general 



Load Dcn&ity in Kw. per 1000 Ft (Lo) 

Fig* 389-—-'Total annual cost of secondary per 1^000 ft- ■with three different wire 
sizes—voltajge drop limited to 3 %• Plotted from Sex* 187 with constants 
evaluated for a given condition. 


equation of cost per 1,000 ft,, that equation is reduced to terms of 
these same two variables. For example, using the expression 
for limited voltage drop (»i), 


W,. A 


Y 1.000 * / H" I 03 A ~f“ ^*12 


l^fci -f- hzA -{- ^iiZ/d^IjOGO. (187) 




: -f- A!l]jDi>^l,00& 
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If two or three possible sizes of conductor are chosen and the 
above cost equation written for each one, that cost may be plotted 
in terms of load density. In this way a graphical comparison 
may be made of annual costs for different sizes of conductor and 
the difference in costs for any load density will be indicated as 
well as the most economical size. Such a graph is indicated in 
Fig. 389- 

If the most economical size is desired more directly, the above 
equation may be differentiated with respect to A, holding 
constant. 



Fia. 390,—Most eoonomioal tdre adse. 


Substituting for JB its approximate value (ke -f- ktA), 
3 ^ 1,000 “ + kzA + ^kiA 




+ krL 


;)■' 


000 « 0. (188) 
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This may be plotted for A m terms of Z/^ showing the most eco¬ 
nomical wire size for any load density, the graph being about as 
indicated in Fig. 390. This curve is harder to determine and 
probably not so generally useful as the ones for total annual cost 
as given. 

Checking Actual Layouts.—The above method is indicative 
of how the most economical size of conductor might be deter¬ 
mined for any condition. It was assumed m the study that the 
transformers could be of any desired size and spaced at any 
desired distance. This cannot be true under actual conditions, 
however, since transformer sizes are limited to standard stock 
sizes, 10, 15, 25 kv-a , etc., and their spacing is limited somewhat 
by standard spans used on the line. The theoretical study wiU 
give a basis for the design however, on which the size of conductor 
can be tentatively chosen and transformer sizes and spacings 
arranged accordingly as nearly as possible to the theoretical 
figures. There then may be some uncertainty as to whether the 
variations introduced by the actual design have been sufficient 
to change the condition of economy. It is well, therefore, to 
select several possible variations, two or more wire sizes and 
several transformer sizes, and compare total annual costs (see 
general cost equation) for actual field layouts using these varia¬ 
tions. In this way a check is made on the theoretical figures 
and if any divergence from the economical condition has been 
assumed, it will be discovered. The method of determimng unit 
costs will be the same as indicated under the theoretical 
discussion. 

The same applies to the study of the effect of increasing load. 
The study of greatest economy was made on the basis of the trans¬ 
formers being loaded to maximum allowable capacity. If the 
load is increasing, this condition will be reached only at one time, 
after which they wdli be replaced. This factor may be allowed 
for by adjusting the value of Z" in the equations. (It may be 
taken, for example, as 90 per cent of T on the average.) Its 
influence may also be checked by studying the total annual costs 
over a period of years for several different possible installations, 
introducing the effect of increasmg losses. 

As a rule, the practical procedure will be to select some wire 
size which will be economical over a range of load densities which 
will probably be encountered, such as No. 2 copper, perhaps. 
The transformer spacing is then studied to determine that spacing 
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at which transformers may be placed for the present lower load 
densities and which will still be satisfactory for larger densities 
and larger transformers when the load increases. It will be 
necessary to replace the transformers only at that time It will 
usually be found that the possible practicable variations in design 
are not so numerous as they may at first appear and with a theo¬ 
retical study as a guide the determination of the practical economi¬ 
cal condition is not such an extremely complex problem. 


Summary.—The more important formulse developed and the constants 
used in the above study of secondary, where the transformer spacing is 
variable, are given in the following summary r 
Annual cost of conductor in place = A;i + k%A per foot length 

(^1 and k% obtained from ploting curve of actual costs). 

Annual cost of conductor in place for length iS *** (Asi + k 2 A)S, 

Ln^S^ 

Line loss for length ^ (170) 

1., --_£__ 

* 6,000Jg?* cos* e 

Ln*S* 

Annual cost of line energy loss for length S *= —• (175) 

ki ktZ&5tCzm 


Annual charges on transformer (serving length 8 ) =» A?s + kzT (179) 

*** &10 + kiiT^ 

(Jcsj kz, kiQ, kii obtained from plotting curve of actual costs). 

T' Lj>S. 

Total annual cost for length 8 — (ki + k 2 A') 8 + 

Total annual cost per 1,000 ft. « + k^A + kt—^ + 


Most economical voltage drop =» . 


*!iL±|»lsS§^l,000, 


2kzLi>* 


Moat economical spacing of transformers 
Spacing of transformers for vi per cent voltage drop — 

" Vl.6 X 10^' 

Total annual cost per 1,000 ft. vdth spacing for per cent drop 
=. (k,+ku + “*■ 


(ISO) 

(182) 

(184) 

(185) 

(186) 


( 187 ) 
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Symbols. A = conductor size m circular mils, 

Ld = load density m kilowatts per 1,000 ft. of line. 

S » spacing between transformers in feet or total length 
of secondary fed by one transformer. 
p =* resistivity of conductor material in ohms per mil-foot. 
E — voltage, 
cos B = power factor. 

t = equivalent hours per day for losses. 

€9 = cost of copper loss per kilowatt-hour. 

C 4 « cost of core loss per kilowatt-hour. 

T ss transformer size m kv-a. 

T* « load on transformer in kilowatts. 
f>i * per cent voltage drop. 

Networks,—In the above study, the condition of straight 
secondaries without branches or loops was assumed for simplicity. 



It is often necessary to consider such branches and cross-ties, 
especially where the secondaiy is part of an overhead or under¬ 
ground network. The methods given in this chapter can be 
followed, it only being necessary to analyze the conditions 
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correctly and change the terms of the general cost equation 
accordmgly. A strict determination of voltage and current 
distribution over a network is a difficult matter, but certain 
assumptions may be made which will not introduce appreciable 
error. Por example, in Fig. 391, two types of networks are 
indicated and the assumptions which may be made as to current 
division among transformers.^ 

In the preceding study the case of overhead single-phase cir¬ 
cuits was kept in mind. However, the same general methods 
may be applied to imderground circuits and to three-phase, three- 
wire, or four-wire circuits, by proper adjustment of terms to fit 
those cases. With underground circuits an additional considera¬ 
tion is the limit on the amount of current which conductors can 
carry without overheating. Also in network design it is often 
necessary to check the cable size for its ability to bum off faults. 
These qualifjdng limitations may be considered after the study 
of the economical condition has been made. 

Cost of Low Voltage.—In Chap. XXXV, some consideration 
was given to the matter of loss of revenue due to the voltage being 
less than the practicable maximum. It was pointed out that, 
whereas for lamp load there is a reduction in wattage withyoltage, 
the practicable effect on the consumption and hence the revenue 
is likely to be negligible, especially where uniformly distributed 
load is conradered. The same points brought out there apply 
equally well to the voltage drop on secondaries. Of course it 
must be recognized that unduly low voltage has a serious eco¬ 
nomic effect in the dissatisfaction it may cause among customers 
and the resulting retardation of the expansion of the use of elec¬ 
tric current. 

Cost of Secondary vs. Transformer.—One other small problem 
having to do with secondaries will be taken up briefly before 
cdosing this chapter. It may often occur with customers who 
are more or less scattered, such as rural customers or three-phase 
customers in a district where the load is mostly single-phase, 
that there is a choice of extending the secondary from one 
transferer to serve another customer or of hanging a 
separate transformer for that customer. Figure 392 ^ows 
three alternatives. The comparison may be made on the basis 
of annual costs. 

> A study of the economicB of networks Is fidven by W. B. Buz<dabi>, In 
four articles, Eleobrical World, Vol. 91, 1928. 
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Total annual cost = (cost of poles and fixtures m place) 

+ Qi (cost of primary wire in place) 

+ gz (cost of secondary wire in place) 

+ annual cost of losses on primary wire 
+ annual cost of losses on secondary wire 
+ 04 (cost of transformers in place) 

4 - annual cost of losses on transformers 

(189) 


y^CusfomerA 




Transformer 


Pr/marj 


Seconcfary 

(oi) 


Cusfamzr B 

o_ 


1 


X 


CusfomerA 


Transformer 


Customer B 


Transformer 


1 


1 


Customer A 


Fr/mcrry 


Frrmary 

fb) 


Q Secondarrj^ 


Customers 


% 


A/y vA Transformer 

to) 

Fio. 392-—Secondary versus transformers. 


AU of the items do not appear in all alternatives. In one 
case, the costs include those of secondary and its losses and of one 
transformer (of perhaps a larger size than would be needed for one 
customer alone). In the other case, primary and two trans¬ 
formers are involved. In the third, both primary and secondary 
are included. The cost of poles and fixtures may be the same 
for both, but in case of long-span farm lines it may be necessary 
to set extra poles if secondary wires are carried. Sufficient 
data ba.« been given in previous problems on the method of 
determining the various items of annual cost so that they need 
not be repeated here. In one case it was found by such a com¬ 
parison as the above that farmers could be served economically 
by secondary where their service pioles were within 300 ft. of 
cn-Ab other but otherwise separate transformers were preferable 
(this was on a long-span farm line). 
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Other Problems.—The problems which have been discussed by- 
no means cover the whole field of problems relating to secondaries 
but the most important ones have been given The principles 
brought out may be applied to other conditions if the peculiarities 
of the particular case are given due consideration. 



CHAPTER XXXVII 
MISCELLANEOUS PROBLEMS 


There are a great many problems of various kinds in connection 
with the distribution system which present themselves for eco¬ 
nomic study and which do not fall specifically in any of the 
classes discussed in the foregoing chapters. Similar principles 
and similar methods apply, however. Some of these problems 
will be outlined below and the methods of attack will be sug¬ 
gested. They are but examples of a large number of similar 
questions which may be encountered. 

Economical Span—Rural Lines.—In rural districts, where 
customers are relatively far apart, the spans of the pole line may 
be increased beyond what is practicable in urban districts 
They are limited by certain factors however, such as the strength 
of the conductor compared with its loaded weight and the relation 
of the height of poles, clearances required above ground, and 
spacing between wires, to the sags necessary for the size of 
conductor used. Copper conductors of the smaller sizes, which 
are of sufficient conductivity for the load ordinarily carried by 
a farm line, restrict the spans to relatively short lengths, such 
as 160 or 175 ft., perhaps. There are other conductor materials 
which are much stronger however, and which allow longer spans 
to be used. The economy of the various materials and the spans 
possible may be studied by determining the costs of lines built 
with each, the spans being the maximum allowable for the clear¬ 
ances and sags required. A method of attacking the problem is 
as follows: 

1, Select three or four possible conductor materials, such as 
hard-drawn copper, steel-reinforced alummum, copper-covered 
steel, and copper alloy. 

2. Select a minimum size of copper which will be satisfactory 
for conductivity, such as No. 6 perhaps. Determine the equiva¬ 
lent sizes of conductors of the other materials. Select also one or 
two larger si 2 ses for comparison, since their mechanical strength 
will be greater and hence spans can be longer. 

697 
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3. Select one or two standard sizes of poles which will bo 
satisfactory for the purpose, such as 30 and 35 ft. 

4. Select a minimum clearance above ground which will meet 
all Safety Code requirements for the location and will be satis¬ 
factory for practical purposes (such as 18 or 20 ft.). 

5. Compute the maximum allowable span for each conductor, 
material and size considered, combined with each pole size 
assumed. The span will be determined by the strength of the 
conductor, the loading assumed, and the allowable sag as limited 
by pole height and ground clearance. (Sag =* a in Fig, 393. 
For example, for 30-ft. poles 5 ft. in the ground, conductor level 
with the top of the pole, ground clearance 20 ft., a = 5 ft.) 




— 


! 1 

Minimum 

m^ht groundciearancz 

\ ' 

t X_ 

1 ■ 

Pofe 

\ 

1 

t 

Pxa. 393.—Span for larm lines* 

i 

I-JL- 


6. The cost per mile for each such combination can now be 
computed, the number of poles per mile being determined by 
the maximum span. These costs may be tabulated thus: 



SO-ft- poles 

35-ft. poles 

Span 

Cost per 
mile 

Span 

Coet per 
mile 

Material A. copper equivalent; 

ISFo# 

No* 4, .. 

No. 2. 

Material B, copper equivalent: 

No. 6. 

No. 4. 

No. 2. 






A direct comparison of cost per mile may be sufficient to deter* 
mine the most economi<»l design. In some casM, however, it 
may be advU^ible to reduce the cost to armwA cost and include a 
con»deration of cost of losses. 
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There will probably be some maximum length of span which it 
will be considered advisable not to exceed m any case, on account 
of practicable difficulties in laying out the line, etc. If the 
problem is thus restricted, after the relative economies have been 
determined as indicated, they may be further studied in relation 
to the limit thus imposed. Other affecting factors will usually 
have a bearing on the case but a display of relative costs gives 
a basis for making a decision. 

Power-iactor Correction.— A. great deal has been written on 
various occasions about the economy of improving power factor. 
It is not intended to offer here any further specific evidence as to 
the benefits to be derived from such correction but rather to 
mdicate the fundamental principles underlsdng an analysis of 
costs in that connection. Conditions vary on different systems 
and a cost analysis for the particular system under consideratioi^/ 
should be made as a basis for any study of the advantages 
power-factor correction. 

The reduction of cost by improving power factor is bas^y 
on the fact that the line current for any load is inversely propo|l-< 
tional to the power factor. 


I = 


/ - 


kilowatts X 1,000 
E cos 9 

kilowatts X 1,000 
-s/^E cos 9 


for single-phase, 
for three-phase. 


The reduction made in load current by improving the power 
factor affects both the demand cost and the output cost for the 
energy supplied. 

The demand costs on distribution ajid transmission lines 
and substations are largely dependent on the Mlovolt-amperes 
carried rather than on the kilowatts. The size and hence the 
cost of transformers, regulators, cables, etc. is determined to a 
great eictent by the currents carried. Some lines are designed 
for voltage drop but here also an increase in iiower factor with 
the resulting decrease in current will effect a decrease in voltage 
drop and hence in the cost of the line. It may be said, therefore, 
that the demand cost of the transmission and distribution system 
is approximately proportional to the kilovolt-amperes and hence 
to the line current. A reduction in line current accomplices a 
proportional decrease in demand cost. At the generating station 
however, this Will usually not be true. The generating station 
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is designed largely on the basis of kilowatts and a reduction m 
kilovolt-amperes will not effect a corresponding reduction in 
the demand cost for it. A careful study of the demand costs 
from the load back to the generator should be made as indicated 
in Chap. XXXIII and the effect of increased power factor on 
each part of the system noted. For example, in a substation 
which carries diversified load, the change in power factor of any 
one load will not have a proportional effect on the whole station. 
If it were a load which entered the station peak only in small 
part, the remainder of the peak load being of high power factor, 
such as lighting load, the net effect on demand cost of an increase 


^m% £ 



Fig. 394—Condenser capacity for po wer-facjtor 

in the power factor of the load in question might be practically 
nil. After the demand costs have been analyzed, comparative 
figures will be available for the load at low power factor and at 
any power factor from that to urdty. 

Similarly, output or energy costs are affected by the reduction 
in line losses due to decreased current. The output at the 
generating station will not be affected in proportion, however. 
In fact a decrease in efficiency in the generators may be the result 
of increasing the power factor beyond a certain point. The 
effect on the energy cost of increasing the power factor should 
be studied for each part of the system (generating station, trans¬ 
mission, substation, distribution), keeping in mind that those 
costs are proportional to J®. Here also the gain, in the case of 
substations and transmission lines for which this imrticuiar load 
is only a part of the total, may be much smaller in percentage than 
for the distribution lines which carry this load only. 

Once the effect on costs has been determined by such an 
analysis as outlined above, the decrease in annual cost of serving 



MISCELLANEOUS PROBLEMS 


701 


the load for any given increase in power factor may be compared 
with the annual cost of the corrective measure proposed. Since 
the amount of kilovolt-amperes of condenser capacity necessary 
for an improvement of 1 per cent in power factor will increase 
as the power factor increases (see Fig. 394), and the advantage 
in decreasing costs is more nearly in direct proportion to the 
increase in power factor, it is evident that, where any 
economy can be shown by an increase, there wiU. be some maxi¬ 
mum limit beyond which it is not economical to go. That is, for 
any further improvement in power factor the cost is greater than 
the benefit. 

The means for power factor improvement are, in general 

(a) using motors of high power factor or of leading power factor 
(synchronous motors, over excited) at the customer's load; 

(b) synchronous condensers at the customer or at the substation; 

(c) static condensers at the customer. 

In the study of power-factor improvement by use of condensers 
which are on during light-load periods as well as heavy, considera¬ 
tion should be given to the possibility of producing at such times 
loads of such high power factors, or of leading power factors, 
that they will be undesirable with respect to transmission regula¬ 
tion and generating station operation. 

Provision for Anticipated Growth.—^When the load is increasing, 
it is quite necessary when installing or revising a distribution 
system, to provide capacity for some years to come, as it is 
obviously uneconomical to be continually replacing hues and 
equipment. Such provision may easily be carried to extremes 
however, as it is just as imeconomical to have an excess amoimt 
of unused capacity on the system. Just where the Ime should be 
drawn is a question which may be treated from the standpoint of 
economical design. Consider, for example, the distribution 
transformer. The load may jae just too large for a certain size, 
say a 25-kv-a., and it is questionable whether a 37}^ or a 50-kv-a, 
should be installed. The annual charges on the cost of trans- 
foimer and installation will be more for the 50 than for the 37-^, 
but the losses for the same load will be less. The problem may 
be solved by comparing the total annual costs for the one size 
with those for the other over the period for which the 37 
would satisfactorily serve the load. If the difference between 
the costs for that period is less than the cost of replacing the 
37M at the end of that time, it will be more economical to install 
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the 60-kv-a. at once. Otherwise, the 37M will be the more 
economical. 

gx (cost of 50- kv-a. transformer installed) 

-{- annual cost of copper losses on 50 kv-a. at 

average load for r years 
-H annual cost of core loss on 50 kv-a. 

gi (cost of 37)^-kv-a. transformer installed) 

-1- annual cost of copper losses on 37^ kv-a. at 

average load for r years 
-4- annual cost of core losses on 37)^ kv-a. 

r =<= number of years the 37 }4 kv-a. would be sufficiently large. 

If Ki = cost of replacing the 37)^ kv-a. with the 60-kv-a. (includ¬ 
ing all possible items of expense). 

The 50-kv-a. installation is more economical if 

Fso - F87« < Kx. 

Repladng a Direct-current System with Alterimtixig-eurrent.— 
The problem of determining exact economical comi^prison 
between an old direct-current S 3 mtem and a new alternating-cur¬ 
rent system is likely to be a very complicated one. Where the 
direct-current system is adequate for the load, it is doubtful if 
much advantage can be shown by such a change. There may be 
some reduction in losses, especially in the substation (losses on 
the distribution system are not so greatly different), but the cost 
of these must be compared with the charges on the investment 
necessary to change over tee system, which will be considerable. 
When the direct-current syetem is inadequate, however, the cost 
of incrc^ing its capacity by building new substations, feeders, 
etc. may be a very large amount. This may be compared with 
tee cost of tee alternating-current system, very often to the 
advantage of tee latter, especially if account is taken of the num¬ 
ber of years in advance for which each system nmkes provinon 
and the adaptability to further increase at tee end of that time. 

In counting tee cost of the sdternating-current cystem, the cost • 
of c h an gi n g customers’ motors and other equipment must be 
included (if such changes are to be made by tee power company). 
This may be a considerable amount but it teould be remembered 
that the change is made once fcnr all and its cost can be spread 
ov«r a long period of ywus in figuring economy. A discussion 
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of direct-current versus alternating-current and of distribution 
networks of both types will be found in Part I of this book 

Temporary Lines.—In certain types of problems the alterna¬ 
tive is presented of constructing for present needs only or of 
anticipating future requirements with a somewhat greater present 
cost. For a simple example, assume a power customer is to be 
served who can be reached by a mile of line. By a somewhat 
dtSerent route, involving a mile and a half of line, another pros¬ 
pective customer may be reached, whose load is anticipated for 
some time in the future but the length of that time is uncertain. 
Assume that the line would cost $1,500 per mile. 

Cost of one mile, $1,500 

Cost ot 1}4 miles, $2,250 

Annual charges on 1 mile at 15 per cent, $225 

Annual chaises on IH miles at 15 per cent, $337 50 

Difference, $112 50 

Ne^ecting losses, if it cost $500 to move the mile of line from 
the iQrst location to the second, that cost would be more than 
offset by the difference in annual charges if the second customer 
did not come on for more than 5 years. 

Such an analysis may be applied to many cases, such as the 
use of higher poles in a line than are at present necessary, in 
anticipation of future requirements, the building of lines on 
streets instead of in alleys or easements in a district where only 
a few of the streets are built up and these have houses on both 
sides, and other similar problems. 

In Conclusion.—It is hoped that from the past few chapters the 
reader may have gained a conception of the importance of eco¬ 
nomic study appHed to the distribution system and the methods of 
procedure in undertaking such a study. It is realized that very 
little has been given in the way of simple rules for ready applica¬ 
tion in the determination of economical conditions, but such 
rules are likely to be dangerous and to defeat their own purpose 
unless worked out for the especial conditions under which they 
are to be used- It is much preferable for the engLneer to go into 
the subject sufidciently to understand the fundamentals and the 
general methods of solution. For this reason the procedures 
suggested and the equations developed have been made as general 
as possible and yet as simple as is consistent with the subject. 
Complicated mathematics and intricate formulae have been 
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avoided as only leading to confusion, and sjjecificcost figures have 
been used sparingly It has been left to the student to proceed 
with the data given as a basis and work out his own detailed 
solutions. He thereby not only obtains valuable rules and graphs 
which he may apply in his work, but he also develops his judge¬ 
ment in the economical consideration of distribution problems. 

In closing, it is wished to emphasize again that economical 
design is an important part of the design of the distribution sys¬ 
tem, as an adjunct to the other forms of design treated in this 
work, electrical and mechanical design, and any effort spent 
on it is, as a rule, amply repaid in dollars. While very exact 
solutions of any problems are usually impracticable due to the 
variable nature of the quantities involved, the approximations 
which are possible may be made sufficiently accurate on the 
average to produce worth-while results in overall economy on 
the system. 
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A frame, 467, 614 
ACSR, 366, 372, 394 
sags for, 411 
Admittance, 256 
Air-break switches, 237 
Alternating current, 62, 66 
Aluminum, 366, 372 
American wire gauge (A.W.G.), 378 
Ampere, 244 
Anchors, guy, 463 
Annual charges, 626 
Annual costs (see Costs), 

Appliances, 36 
Arm guys, 320, 436 
Auto-transformers, 154 

B 

209, 682 

Balance Goad), 24 
coils, 164 

Banking transformers, 168 
Beams, characteristics of, 697 
ciontinuous, 594 
stress in, 690 
Bearing stress, 689 
Bending stress, 690 
moment, 691 
Bolts, 313, 316 
Boosters, 184 
Braces, 316, 318 
push-, 467, 614 
Brackets, 332, 340, 341 
service, 369-362 

Browne Sharpe gauge (B & S), 
378 

Buck-arms, 305 
Bucks, 186 


Cable (underground), 487 
installation of, 489 
joints, 490 

Capacitance, capacity, 253 
Capacity reactance, 253 
Catenary, 400 
Cedar poles, 271 
Charging current, 253 
Chestnut poles, 272 
Circular mil, 377 
Clearances^ ^2 

from buildmgs, 432 
chmbing space, 429 
conductors from equipment, 428 
horizontal separation, 426 
in joint construction, 565 
from supports, 429 
vertical, above ground, etc , 424 
vertical separation, 427 
wire crossmg, 426 
workmg space, 430 
Climbing space, 429, 516 
Columns, stress in, 586 
Combined load, 158 
Commercial load, 52 
Compensation, 182 
Compensator, line drop, 180 
Complex quantities, 192, 201, 260 
Compression, 578, 586 
Condensance, 253 
Conductance, 256 
Conductors (see also Wires), 364 
ACSR, 394 
alloys, 368 
aluminum, 366, 393 
characteristics, 369, 370 
conductivity of, 370 
copper, 364, 387, 392 
copper-covered steel, 367, 396, 396 
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Conductors, materials for, 364 
steel, 367 
Conduit, 476, 530 
Continuity of service, 29, 100 
Copper, 364, 372 

Copper-covered steel, 367, 395, 396, 
446 

Copper losses, 143 
Core losses, 142 
Corners, 609, 510, 611 
Cost equation, 643 
of low voltage, 694 
of secondary vs. transformer, 694 
Costs, allocation of demand, 636 
analysis of, 637 
annual, 613, 621, 626, 648 
of secondaries, 689 
classification of, 628 
comparing, methods of, 644 
component, on poles and wires, 
620 

customer, 629 

demand, 629, 634 

energy, 637, 638, 639 

of energy losses, 627, 631, 637 

first, 614 

investment, 613 

labor, 616 

maintenance, 622 

of materials, 614 

ap Ti nnalj €^48 
output, 680 
records, 617 
transformer, 683 
variations in, effect of, 652 
wire, 678 

Cross-arms, 302, 303 
double, 306, 311 
hardware for, 312 
loading on, 306 
safety factors for, 312 
steel, 321 

stress computations for, 307, 314 
tests on, 810 
Current, 244 

Current-voltage relations, 254 
Cutouts, fused, 238 
Cutting circuits, 420, 421, 516 


D 

Dead-ends, 419, 512 
Decay, 274 

Deflection in beams, 694 
Delta, closed and open, 168 
Demand, 14 

costs (see Costs), 
factor, 15, 55 
Depreciation, 623 
Direct current, 62, 702 
Disconnecting devices, 236 
potheads, 238, 525 
switches, 237 

Distribution lines, 505, 506 
systems, 62 
Diversity factor, 16 
Division of total system investment, 
2 

Ducts (see Conduit). 

B 

Economical design (see aUo Costs), 
5, 603 

general methods, 642 
preliminary work, 642 
problems on primary lines, 653 
on secondaries, 670 
Economical division of load, 662 
load, 659 

power factor correction, 699 
primary voltage, 666 
provision for load growth, 701 
replacing of D.C* system with 
A.O-, 702 

secondaries, fixed length, 671 
variable length, 676 
span length, 697 
temporary lines, 703 
transformer loading, 671 
voltage drop, 664, 686 
wire sise, prirnary, 656 
secondary, 672, 690 
Electrical design, 5, 11 
Elastic Umit, 371, 680, 581 
Elasticity, 579 

Expansion, coefficient of, 598 
Equivalent hours, 20, 221 



INDEX 


707 


F 

Farad, 263 

Farm hues, 602, 503, 604, 697 
load, 68, 76 

Feeder and main system, 82 

Forces, resolution and composition 
of, 699 

Frequency, 66 

Fuses, 226 

characteristics of, 227-230 
D.C., 235 

primary, on branch lines, 235 
secondary, 233, 235 
on underground services, 236 
use of, 230, 231 

G 

Grades of construction, 290 

Ground moulding, 474 
rods, 472, 473 

Grounded circuits, 98 
neutral, 98 

Grounding, grounds, 471 

Guy anchors, 463 
clamps, 451 
hook, 449 
insulatonsi, 452 
plate, 449 
protectors, 452 
shim, 449 

Guying, guys, 296, 320, 434, 613 
arm, 320, 435 
at angles, 438 
attachment of, 448 
clamping, etc-, 460 
clearances (see Clearances), 
dead end, 438 
loading, 438, 442 
materials for, 443-447 
pole, 437 
ptxsh-, 467, 614 
side, 439 
strength of, 443 
stresses in, 441 
types of, 435 


H 

Hardware, 312 
Heating, industrial, 46 
Heating appliances, 36 
Henry, 249 

I 

Impact loadmg, 698 
Impedance, 255 
transformer, 144 
Inductance, 249 

Inductive reactance, 216, 250-252 
Insect damage, 273 
Inspection of materials, 661 
Insulated wire, 376 
Insulators, 342-350 
test voltages for, 350 
Insurance, 622 
Interest, 621 

J 

Joint construction, 507, 564, 570 
ownership vs. rental, 567 
use, 100, 507 
agreement, 668 

K 

Kelvin’s law, 649 

L 

Ladder space, 433 
Lags, 314 
Lamps, 31 
lightning, 239 
arresters, 239 
location, 242 
use of, 242 
Load, commercial, 52 
curves, 18 
density, 26 
distribution, 25 
electric range, 48 
factor, 20, 221 
farm, 58 
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Load, growth, 26, 701 
lighting, 47 
oil burner, 41, 47, 48 
power, 54, 58 
prediction, 27 
refrigerator, 41, 42, 47 
residence, 46, 47, 51 
street lighting, 63 
system, 69, 61 

Loading, heavy, medium, light, 268, 
383 

Loads and their characteristics, 13, 
31 

Loop circuits, 89 
Loss factor, 20, 221 
Xiosses, copper, relation to load, 636 
cost of, 627 

relation to efficiency, 224 
sheath, 226 
transformer, 142, 144 

M 

Manholes, 481-488, 631-633 
Mechanical design, 5, 266 
Mho, 266 
Mil, 377 

Modulus of elasticity, 373 
Moment of inertia, 681, 682 
polar, 685 

Motors, industrial, 43 
small, 40 

Multiple street lighting circuits, 
136-138 

N 

National Electrical Safety Code^ 99, 
267 

Networks, primary, 91 
secondary. 111, 693 

O 

Obsolescence, 626 
Ohm, 246 
Oil burner, 41, 42 
Open delta, 168 
Overcompensation, 183 
Overhead systems, 76 


P 

Parabolic formula, 399 
Permittance, 263 
Phase relations, 67, 71 
Pine poles, 272 
Pins, 332-341 

Polarity of transformers, 165 
Pole gain, 282 
roof, 281 
Poles, 270 
concrete, 300 
defects in, 273 
framing, 281 
guying, 296 

loading and stresses in, 282 
location of, 296 
maintenance of, 296 
preservative treatment of, 274 
remforced setting for, 204 
safety factors for, 289 
service tests on, 277 
setting, 293, 629 

sise and classification of, 278, 280 
spacing of, 298 
stability of, 291 
steel, 300 

stress computation for, 284 
Porcelain, 343 
Potheads, 496 
disconnecting, 238, 525 
Power factor, 23 
correction, 699 
of street lighting load, 54 
load, 54 
loss, 219-220 

Primary circuits, arrangement of, 
80,85 

distribution, 78 

lines, economical design of, 653 
network, 91 
rings, 83 

R 

Racks, secondary {see Hecondary 
racks). 

Radius of gyration, 582, 585 
Ranges, electric, 37, 48 
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Reactance, 144 
Refrigerators, 41, 42, 47 
Regulation, 174 
group, 187 

individual feeder, 182 
Regulators, induction, 177-180 
in parallel, 184 
Reliability, 100 
Residence load, 46, 47, 61 
Resistance, 246, 247, 248 
of conductors, 215, 246 
of transformers, 144 
Resistivity, 245 

Rural systems (see also Farm), 76 
S 

Safety Code (see National Electrical 
Safety Code). 

Safety factor, 289, 312, 581 
Sags, 397 
AOSR, 411 

with supports at different eleva¬ 
tions, 410 
tables of, 414 

Secondaries, annual cost, 689 
combined, 120 
economical, design of, 670 
radial, 104 

three-phase four wire, 121-126 
three-phase seven wire, 128 
two-phase five wire, 129 
Secondary banks, 106 
distribution, 102 
networks. 111, 693 
racks, 322-330, 505 
Section modulus, 581-582 
Separate service, 102 
Series circuits, A.C., 131-136 
Service brackets, 359-362 
Services, 353-359, 524 
Shear, 578, 688, 591 
Side-arm, 306, 508 
braces, 315, 319 
Sine-wave diagram, 244 
Single-phase circuits, 67 

load on three-phase banks, 167 
Span lengths, 298 
economical, 697 


Specifications, 534 
construction, 537 
for materials, 560, 562 
overhead Ime, 639, 547-660 
underground line, 544, 551-554 
Splices, 415 
Standardization, 534 
of construction, 536 
of materials, 5^ 

Steel, 367, 372, 444 
Street-lightmg circuits, multiple, 
136-138 
series, 131 
lamps, 32, 627, 528 
load, 53 
Stress, 678 
bearing, 589 
bending, 590 
combined, 598 
torsional, 596 

Stress-strain curves, 372-373, 580 
Substations, location of, 79 
Susceptance, 256 
Sweep (conduit), 481 

T 

Taps, 416 
Taxes, 621 

Temperature coefficient of linear 
expansion, 374 
effect, 598 
indicators, 165 
Temporary lines, 703 
Tension, 678, 686 
Termites, 274 
Thomas' chart, 402 
Three-phase circmts, 69 
Throw-over, primary, 86 
Ties, 417 

Timber, preservative treatment of, 
274 

characteristics of, 273 
Torsion, 596 
Transformers, 140 
accessories for, 469 
arrangement and location of, 167 
auto-, 154 
banking, 168 
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Transformers, connections, 148 
costs, 683 
impedance of, 144 
installations, 459-470, 517-529 
loading of, 163, 671 
losses in, 142, 144, 220 
polanty of, 155 
reactance of, 144 
regulation of, 166 
resistance of, 144 
single-phase vs three-phase, 156 
sizes of, 162 

spacing of, for 2 per cent voltage 
drop, 688 

testing and inspecting, 170 
voltage drop in, 147 
weight of, 460 
Tree wire, 377 

Trunk and branch circuits, 80 
Two-phase circuits, 67 

U 

Uliamate strength, 580 
of conductors, 371 
Underground oonsiauction, 476 
systems, 75 
Urban systems, 76 

V 

Vectors, 260 
Vibration loading, 366 
Volt, 244 
Voltage, 244 
current relations, 254 
drop, 174 
charts, 206 

complex quantity method, 201 
computation of, 187 
in delta-delta banks, 206 
direct currant, 163 
with distributed ktadii^ 207 
economical, 664, 685 
in neutral, 205 


Voltage drop, Hiinplificd formula for, 
191 

single-phase, 195 
three-phasi*, 198 
transformer, 147 
two-phase, 197 
4,000 volts m. other, 94 
primary, 92, 666 
requirements, 28 
secondary, 118 

W 

Water heaters, 37 
Weatherproof wire, 374 
Wire (see also Conductors), 
characteristics of, 387-366 
coats, 678 
covered, 374 

diameter and eross-sectiona! area 
of, 376-380 
elastic limit of, 371 
gauge, 378 
guy («M Guys), 
insulated, 374, 376 
loading on, 382 
modulus of elasticity, 373 
sags in, 397, 411, 415 
ease of, 101, 126, 877, 380 
economical, 656, 672, 660 
splices and taps for, 415 
strmgth of, 886 
ties for, 417 
tree, ETJ 

ultimate strength of, 371 
weatherproof, 374 
weight of, 876 
Working space, 430 

Y 

Yield point, 580 

2 

Zinc meta-arsenite, 276 








